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Odhad věku dožití dospělých jedinců je stále velmi problematická součást odhadu 
biologického profilu jedince. Současné metody odhadu věku jsou schopné věk 
odhadovat přesně a spolehlivě pouze ve velmi širokých věkových rozmezích. Ke zlepšení 
této situace nepřispívá ani fakt, že jsou tyto postupy založeny většinou jen na užití jednoho 
kosterního indikátoru, ať jsou věkové změny hodnoceny vizuálně, či se opírají o nevhodné 
statistické přístupy. Disertační projekt vychází z těchto nedostatků a jeho cílem je přispět 
k lepšímu porozumění problematiky a především do výzkumu začlenit a otestovat nové 
technologie a výpočetní přístupy. Charakter disertační práce je spíše metodologický a celý 
výzkum byl rozdělen na tři oddělené části, čemuž odpovídá i stanovení tří hlavních cílů.  
Prvním cílem bylo aplikovat v multi-populačním souboru vizuálně hodnocených 
dat (n=941) dvou artikulačních plošek pánevní kosti různé sofistikované matematické 
postupy s cílem dosáhnout přesnějšího odhadu věku dožití. Výsledné hodnoty RMSE, 
které byly v rozmezí 12 až 14 let však o zpřesnění odhadu nevypovídají.   
Dále jsme se zaměřili na zhodnocení výstupů z různých skenovacích zařízení 
a vlivu případných odchylek v zachycení povrchu kloubní plochy pubické symfýzy na 
analýzy odhadu věku. Soubor 29 pánevních kostí české středověké populace byl 
naskenován dvěma skenery, HP 3D SLS a NextEngine. Jako referenční údaje byly zvoleny 
skeny povrchu s vysokým rozlišením v malém vzorku (n=5) digitalizovaném skenerem 
Redlux Profiler. Výsledky srovnání digitalizovaného povrchu pubické symfýzy ukázaly, že 
ačkoli se povrchy získané ze dvou porovnávaných skenerů lehce lišily, tyto odchylky 
neměly významný vliv na analýzu odhadu věku dožití. 
Třetím výzkumným zaměřením byla validace kvantitativní metody odhadu věku 
navržené Stoyanovou a kolektivem (2015, 2017) v odlišných populacích než referenční 
soubor severoamerických jedinců. Celkem bylo podrobeno kvantitativní analýze odhadu 
věku 96 3D modelů kloubních plošek pubické symfýzy ze smíšeného souboru evropských 
populací a 79 modelů pocházejících z Thajské populace. Výsledná chyba odhadu věku 
v celém souboru, bez omezení věku, byla příliš velká (RMSE hodnoty v rozmezí 15 až 22 
let) a nepřijatelná. Nicméně v souboru omezeném do 40 let věku byly výsledné hodnoty 
chybovosti odhadu zřetelně nižší (RMSE hodnoty v rozmezí 6 až 8 let).  
Klíčová slova: forenzní antropologie, bioarcheologie, biologický profil, odhad věku dožití, 




Age-at-death estimation of adults is still a very difficult part of estimation of 
individual’s biological profile. Current age estimation methods can estimate age accurately 
and reliably only as very broad age ranges. The fact that these approaches are mostly based 
on only one skeletal indicator, whose age changes are assessed visually, or are based on an 
inappropriate statistical approach, does not contribute to the improvement of this situation. 
The dissertation project is based on these shortcomings and it aims to contribute to a better 
understanding of the issue and to integrate and test new technologies and computational 
approaches in research. Given the methodological nature of this dissertation, the whole 
research was divided into three separate parts, which corresponds to the establishment of 
three main objectives. 
The first objective was to apply different sophisticated mathematical techniques in 
a multi-population database of visually evaluated data (n=941) of two articulation surfaces 
of os coxae to achieve a more accurate estimate of age. However, the resulting RMSE, 
which ranged between 12 to 14 years, do not indicate an accurate estimate. 
Furthermore, we focused on the evaluation of outputs from various scanning 
devices and we tested the influence of possible differences in captured surfaces on the 
estimation of age. A sample of 29 pelvic bones of the Czech medieval population was 
scanned by two scanners, HP 3D SLS and NextEngine. In addition, a small sample (n=5) 
was digitized with a high-resolution Redlux Profiler scanner whose outputs were utilized 
as reference surfaces. A comparison of the digitized pubic symphyseal surfaces showed 
that, although the surfaces obtained from the two compared scanners varied slightly, this 
did not significantly affect the age analyses performed. 
The third research focus was the validation of the quantitative age estimation 
method proposed by Stoyanova et al (2015, 2017) in different populations. A total of 96 
3D models of surfaces of pubic symphysis from the European samples and 79 models from 
the Thai sample were subjected to a quantitative analysis of age estimation. The resulting 
error of age estimation across the whole dataset, without age restriction, was too large 
(RMSE ranged 15 to 22 years) and unacceptable. However, in the sub-sample under 40 
years, the resulting values were significantly better (RMSE between 6–8 years). 
Key words: forensic anthropology, bioarchaeology, biological profile, age-at-death 
estimation, virtual anthropology, 3D scanning, population specificity 
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 Age-at-death estimation of adults is one of the most important and problematic 
tasks when building a biological profile, which forensic anthropologists and 
bioarchaeologists have to deal with. Skeletal and dental development, which is very useful 
for subadult age estimation, is, however, complete in adults. Therefore, researchers can 
only rely on the physiological degeneration processes of these structures for their 
estimates.  
The visual assessment of age-related changes observed on various skeletal 
indicators is by far the most widely used approach and its history dates back to at least 
1920 (Todd, 1920). Since then, countless methods and their revisions have been developed 
based on various skeletal structures in an effort to estimate age-at-death. At the same time, 
doubts have arisen about the emerging methodologies and skeletal indicators used, which 
resulted from the inability to estimate the age of adults accurately and reliably. The limits 
originate, for instance, from the use of inappropriate statistical methods, from the 
misconception that one indicator can capture the whole age range of adult life, from the 
visual nature of the assessment of morphological changes, or from the inappropriate use of 
population-specific methods. More importantly, it is necessary to remember that variability 
in the aging process is a daily routine caused by internal and external factors.  
Two major milestones have helped to address some of the shortcomings. The first 
one was a court case resulting in the so-called Daubert criteria, which were primarily 
directed to methods of the forensic sciences (Daubert v. Merrell Dow Pharmaceuticals, 
1993; Grivas and Komar, 2008). These criteria require, for example, that methods be 
tested, be known among the scientific community and be sufficiently successful. The 
second very considerable milestone was the Rostock manifesto (Hoppa and Vaupel, 2002), 
which established theoretical recommendations for paleodemography in response to 
required biostatistical improvements. A very important output was the Transition analysis, 
which significantly helped to improve age estimation. The Daubert criteria and the Rostock 
manifesto further influenced the development of aging methods in both, paleodemography 
and forensic anthropology.  
Very soon after medical imaging techniques and later scanning technologies 
became more accessible, they began to integrate into anthropological disciplines. They 
offer a new data source in the form of virtual models derived from computed tomography 
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or surface scanners, complementing osteological collections of universities, museums, and 
other institutions. They also provide access to new type of information and innovative 
ways to analyse it (e.g. (Verhoff et al., 2008; Grabherr et al., 2009; Ramsthaler et al., 
2010)). 
Even though many steps towards increasing the accuracy and reliability of age 
estimation methods have been undertaken, the age estimation of adults is still 
unsatisfactory. Accurate and reliable estimates are possible only as very broad age ranges. 
However, at least a partial solution lies in the involvement of imaging technologies and 
computational quantitative analyses of age-related surface changes. This PhD project aims 
to contribute to a better understanding of aging processes, and to implement new 
technologies (e.g. scanning technologies) along with the approaches they offer (e.g. 
analysis of surface changes), while respecting the Daubert requirements.  
 
 The first part (Part I: Background) of this present doctoral thesis is divided into 
three main chapters. The first chapter, Biological profile indicators in forensic 
anthropology and bioarchaeology, focuses on age-at-death estimation in the context of 
biological profile and briefly on the population specificity of biological profile methods. 
Furthermore, the chapter is devoted to the estimation of age in juveniles and young adults, 
with an emphasis on the accuracy of given skeletal indicators and methods. There is an 
introduction to the principles of the age estimation of adults, as well as the methods of 
adult age estimation at the microscopic level, i.e. biochemical and histological methods. 
The background of this thesis contains one of the author’s own publications that focused 
on the issue of population specificity. 
 The second chapter of the first part, Visual traits in adult age-at-death estimation: 
A change of paradigm, is devoted to an overview of gross age indicators and the relevant 
and most commonly used visual methods, with focus on the three joints of the pelvic 
bones. Furthermore, the factors that can influence joint morphology and hence age 
estimation are summarized, as well as the main limitations to skeletal aging methods and 
new perspectives.  
The third chapter, Age-at-death estimation: New approaches and insights, presents 
new approaches and methods of virtual anthropology that have entered the field of 
anthropology in recent years and its implementation into aging methods. The conclusion of 
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the chapter is dedicated to new quantitative approaches to the evaluation of age changes in 
joint surfaces and forms a transition bridge to the second part.  
Important topics are summarized and discussed throughout the dissertation thesis, 
at the end of each chapter. 
 The research part of this dissertation thesis (Part II: Personal contribution to age-
at-death estimation methods) is based on three of the author’s own publications concerning 
aging methods and scanning devices (Kotěrová et al., 2018a; b, 2019). Three main 
objectives have been set. Firstly, we aimed to improve the age estimates obtained from 
visually assessed skeletal indicators through the application of several mathematical 
approaches. Secondly, the research was dedicated to the evaluation of outputs from various 
scanning devices, and to the question of whether the possible differences would be 
reflected in the analyses of age-at-death estimation. Thirdly, the project also aimed to 
validate the already published computational aging approach proposed by Stoyanova et al. 
(2015, 2017) in geographically diverse populations. Therefore, the chapters Materials and 
Methods and Results and Discussion are divided according to each research focus. The 





Part I: Background 
2. BIOLOGICAL PROFILE INDICATORS IN FORENSIC 
ANTHROPOLOGY AND BIOARCHAEOLOGY 
The “big four” 
 Positive individual identification is of predominant interest to forensic experts and 
forensic anthropologists when only skeletal remains are left. The priority is to build 
a biological profile, which is the first step to successfully identifying unknown skeletal 
remains. The biological profile consists of four main osteological analyses (demographic 
characteristics), sometimes called the “big four” (Figure 1): assessment of sex, age, 
biogeographic origin (ancestry estimation, population affinity) and stature (e.g. (Cattaneo, 
2007; Franklin, 2010; Hartnett et al., 2018; Ellingham and Adserias-Garriga, 2019)). 
Estimation of the biological profile is also an integral part of bioarchaeology and 
paleodemography (or demographic anthropology), and the methods applied overlap to 
a large extent with those used in forensic practise. However, this is not always the case, as 
the standards for identification are sometimes different because the main objective in 
bioarcheology is to reconstruct the demographic structure (Hoppa and Vaupel, 2002; 
Cunha et al., 2009; Godde and Hens, 2012).  In the bioarchaeological context, the 
demographic profile and human lifeways, including health status and mortality, of past 








 When the whole skeleton is available, sex estimation of adult skeletal remains is not 
problematic; however, this is not always the case. Very accurate estimates are made 
possible with morphological or metric methods based on os coxae (e.g. (Phenice, 1969; 
Brůžek, 2002; Murail et al., 2005; Brůžek et al., 2017)), which is bone presenting marked 
sexual dimorphism which is not burdened with population specificity (Garvin, 2012; 
Brůžek et al., 2017). This means that methods developed from the os coxae are 
independent of geographic location. The cranium also bears sexually dimorphic skeletal 
elements, but the level of dimorphism is lower than of os coxae, and its expression is 
population specific (L’Abbé et al., 2013). Assessment of sex that is based on the cranium 











dimorphism of the postcranial skeletal structures, which is generally small in humans, is 
related to body size and proportions. The postcranial elements can also provide very 
accurate (over 90%) sex estimates (Spradley and Jantz, 2011). However, it differs among 
populations and can be affected by a secular trend, which can have serious impact on the 
use of methods (Cabo et al., 2012; İşcan and Steyn, 2013b; Berg, 2017; Kotěrová et al., 
2017). While with os coxae we can reach nearly 100% accuracy of sex estimation (Brůžek 
et al., 2017), the accuracy is slightly lower when other skeletal elements are employed, 
most commonly with the use of metric variables and discriminant function analysis. 
Moreover, the information about sex can be very helpful for other analyses. 
 Even though the knowledge of sex in juveniles is as important as in adults, the 
estimation is much more problematic, almost impossible. This is due to the fact that 
sexually dimorphic traits develop only under the influence of testosterone whose levels are 
low before puberty. Nevertheless, the ongoing research in this area, is still coming up with 
new studies, using both metric and geometric morphometry approaches, especially based 
on the pelvic bones or long bones (e.g. (Bilfeld et al., 2013; Luna et al., 2017; Stull et al., 
2017)). At the moment, however, genetic diagnosis of sex is recommended as far as 
juvenile sex estimation is needed (Berg, 2017). 
 As was mentioned, sex estimation is population-specific (except for the os coxae-
based approaches), thus the knowledge of an individual’s biogeographic origin is a great 
advantage and a way to estimate sex accurately (Spradley and Weisensee, 2017). 
Undoubtedly, population affinity is the most controversial parameter of the biological 
profile (Spradley and Weisensee, 2017); it often encounters criticism for obvious reasons 
that may not necessarily be reported here. The cranium is most often employed for the 
estimation of ancestry, and the morphology of the dentition is also used. There are plenty 
of publications that could generally be divided into three categories, according to the 
approaches used to assess population affinity. Firstly, there are visual-based approaches 
(e.g. (Hefner, 2009; Hefner and Ousley, 2014; Hefner et al., 2014; Scott et al., 2018)), then 
craniometric data-based approaches (e.g. (Hefner et al., 2014; Navega et al., 2015a; 
Katherine Spradley and Jantz, 2016)) and finally shape-based analyses of 3D models 
(e.g. (Murphy and Garvin, 2018; Musilová et al., 2019)).  
 Similar to sex estimation, assessment of the geographical origin of juveniles is very 
difficult because the relevant traits are not yet fully developed (Nikita, 2017a); thus, the 
assessment is not often recommended (Christensen et al., 2014a). However, few studies 
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have been published and some authors have found cranial variation to be geographically 
dependent (population specific) from an early age (Wood, 2015).  
 However, it could be said that the community of researchers is divided into those 
who believe that individuals can be assigned to a particular population and those who are 
much more sceptical (İşcan and Steyn, 2013c). The results are rather unconvincing, and in 
medico-legal cases, DNA analyses for biogeographical ancestry should be preferred. The 
salient question is whether, in the future, globalization will not result in even less clear 
geographical differences, which would make it impossible to assess the geographical origin 
(İşcan and Steyn, 2013c). 
 Stature can be estimated based on two main approaches: the mathematical method 
and the anatomical method. The former uses regression formulae that are calculated based 
on correlations of individual skeletal elements, usually long bones, which are highly 
correlated to total stature (Raxter et al., 2006). This approach is beneficial when the human 
remains are incomplete (Raxter and Ruff, 2018). The anatomical method, on the other 
hand, summarizes the lengths and heights of all skeletal elements contributing to the total 
height, and adds soft tissue correction factors (Fully, 1956; Raxter et al., 2006), thus 
providing more accurate estimates. Given that stature changes with age even in adults 
(Friedlaender et al., 1977), adjustments for that are often provided,  as well as equations 
that do not include age for cases where the age is not known (e.g. (Raxter et al., 2006; 
Niskanen et al., 2013)). 
 The stature estimation is not an exception and its assessment in juveniles is 
problematic, as in the case of sex and biogeographic origin. Among the main reasons for 
this is that the epiphyses are not fused yet and thus, are very often missing. Therefore, the 
length of long bone diaphysis is used for stature estimation (Smith, 2007; İşcan and Steyn, 
2013d). Moreover, sex and biogeographic origin assessments are extremely difficult in 
subadults, which may, together with quite variable pattern of growth among individuals, 
increase the inaccuracy of stature estimates (İşcan and Steyn, 2013d; Nikita, 2017b). 
 The secular trend is inherently associated with stature estimation, which can cause 
considerable bias when using inappropriate regression equations derived from old 
reference samples (e.g. (Jantz Meadows and Jantz, 1999; Nikita, 2017b)). 
 Age-at-death assessment of adults is considered the most critical and yet the most 
challenging parameter of the biological profile, not only for forensic anthropology, but also 
for paleodemography (DeWitte, 2017). Apart from sex estimation, which narrows down 
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the range of potential positive matches by about 50%, the evaluation of age also 
significantly helps to narrow down the selection (Algee-Hewitt, 2017), thus reliable and 
accurate age estimates are of utmost importance. The knowledge of age also contributes to 
the creation of a demographic profile in the case of mass graves, or to distinguish 
commingled human remains (Adams and Byrd, 2014). Nevertheless, adult age assessment 
is based on the observation of degenerative changes on the joint surfaces, which are highly 
unpredictable and affected by many factors. Thus, age-at-death estimation is surrounded by 
great discussion and effort to find a reliable and accurate age estimation tool (Cattaneo, 
2007). This is demonstrated by a study that analysed publications in the field of forensic 
anthropology from 2008–2017. According to their research, age estimation was the most 
common topic after sex estimation (Lei et al., 2019). The main subjects of debate are the 
age indicators themselves, the analytical techniques and statistical methods, as well as the 
usability among different recent populations and in archaeological populations (Ubelaker 
and Khosrowshahi, 2019). 
 Unlike other aspects of the biological profile, age estimation in juvenile individuals 
is the only parameter that could be estimated reliably and accurately, i.e. the estimates have 
low bias and are within an admissible range of error (İşcan and Steyn, 2013e). This is 
because aging relies on predictable bone and dentition growth and development. 
 
Population specificity 
 In the medico-legal and bioarchaeological contexts, ´population´ can be construed 
as a group of individuals that are associated to a particular geographical area. On the basis 
of some genetic similarity and on similar external influences, they exhibit a certain range 
of variability (Franklin and Flavel, 2019). Each population was exposed to different 
environmental and socio-economic influences and has a different genetic background, 
which results in variation in human development (Olze et al., 2004; Schmeling et al., 2006) 
and various expressions of sexual dimorphism (Ubelaker and DeGaglia, 2017). 
 Biological anthropologists have to work with this fact and should be increasingly 
aware of the importance of population-specific standards. The performance of methods 
originally developed on one population could in fact be diametrically opposed when 
applied to another population, resulting in unknown variation (Franklin and Flavel, 2019). 
This is true for all biological profile parameters, with the exception of biogeographic origin 
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assessment, where population variability in skeletal morphology is the core of these 
analyses. Probably the most discussed  is the topic of population specificity in relation to 
sex estimation based on non-pelvic skeletal elements (e.g. (Franklin et al., 2013; Ubelaker 
and DeGaglia, 2017; Hora and Sládek, 2018; Čechová et al., 2019)). Here, the variability 
of skeletal dimensions within populations and different degrees of sexual dimorphism of 
skeletal elements could cause misclassification and complete failure of sex estimates when 
population specificity is neglected (e.g. (Walker, 2008; Kotěrová et al., 2017; Franklin and 
Flavel, 2019)).  
 Kotěrová and colleagues (2017) empirically quantified the size of the error when 
population-specific discriminant functions derived from measurements of the tibia were 
applied in a Czech sample (see the Appendix A.1). Published classification functions for 
the Portuguese, south European (Spanish, Italian, and Greek) and North American 
populations were applied on a sample of 56 virtual models of the modern Czech 
population. Results clearly show that the discriminant functions developed in 
geographically and chronologically diverse populations and applied to a modern Czech 
population result in the complete failure of sex estimation. The results of comparisons of 
discriminant function performance in the original samples (for which the discriminant 





Table 1. Application of DFA proposed in different populations in recent Czech population: 
simulation of disregarding DFA population specificity (Kotěrová et al., 2017). 




 (Kranioti and Apostol, 2014); 
3 
(İşcan and Miller-Shaivitz, 1984) 
 
 
Population specificity was also observed in the aging process (e.g. (Schmitt et al., 
2002; Bassed et al., 2011; Buk et al., 2012)), so researchers are advised to be aware of 
methods developed from distant populations (Purves et al., 2011). This issue will be 
discussed further below (Chapter 3.3.). 
Given that body proportions and height may vary among populations or regions, 
population (region) specific as well as sex specific standards are required for stature 
estimation (Langley, 2017).  
 If population affinity (biogeographical origin) is known before age, sex and stature 
are estimated, population standards should be used, as long as they are available for the 
particular population. Nowadays, the use of appropriate standards (contemporary and 
population-specific), which lead to accurate biological profile estimation, is generally 
respected, accepted and recommended (e.g. (Franklin et al., 2013, 2015; Ubelaker and 
DeGaglia, 2017)). However, we should consider the cases, which are common, in which 
population specificity is unknown. In recent years, the rate of immigration has markedly 
increased, resulting from ever-evolving globalization, free borders among the European 
states, human trafficking and political conflicts around the world, often leading to the mass 
movement of people across borders (e.g. (Obertová and Cattaneo, 2018; Schaefer et al., 
2018)). All together, they contribute to irreversible change in the composition of 
 Classification success 
in reference sample 
(%) 
Classification success  
















 84.8 83.7 84.2  1.1 90.0 38.5 66.1  51.5 
DF2 (Portuguese)
1
 84.8 83.7 84.2  1.1 93.3 38.5 67.9  54.8 
DF3 (Portuguese)
1
 82.6 87.8 85.3  –5.2 83.3 53.9 69.7  29.4 
DF4 (Portuguese)
1
 80.4 77.6 79.0  2.8 100.0 0.0 53.6  100 
DF5 (Spanish)
2
 95.2 92.0 93.4  3.2 100.0 11.5 58.9  88.5 
DF7 (Greek)
2
 89.4 85.9 87.8  3.5 100.0 3.9 55.4  96.1 
DF8 (pooled)
2





85.0 84.6 84.8  0.4 100.0 7.7 57.1  92.3 
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populations. This is becoming increasingly topical and urgent. Thus, when human skeletal 
remains are found and their population affinity is unknown, it is uncertain whether they 
actually belonged to the particular area (Brůžek and Murail, 2006; Spradley et al., 2008; 
L´Abbé and Steyn, 2012). Then the question is whether the population-specific methods of 
biological profile can provide relevant information; it is now known that it definitely does 
not necessarily do so.  
 
Conclusion 
 Apart from biogeographical origin estimation, to which there are conflicting views, 
the greatest challenge and at the same time very important part of the biological profile is 
age-at-death estimation (e.g. (Ritz-Timme et al., 2000; Cunha et al., 2009)), even though 
a positive identification through this parameter alone is not possible. The need to find both 
accurate and reliable approaches can be substantiated by dozens of new publications each 
year that are trying to propose new methods based on various skeletal age indicators. So 
far, we have lacked such methods, despite the fact that researchers have been dealing with 
skeletal age-at-death estimation for at least one hundred years (e.g. publication of (Todd, 
1920)). Age estimation in living individuals is not the subject of this thesis; however, the 
use of some methods overlaps due to imaging technologies (radiography, computed 
tomography). 
 The success rate of age estimation decreases with increasing age. We are able to 
estimate age in juveniles relatively accurately and reliably, but after the completion of 
growth and development, accuracy and reliability decrease rapidly (e.g. (Cunha et al., 
2009; İşcan and Steyn, 2013e)). The subject of this thesis is adult age-at-death estimation; 
however, to compare the age intervals and accuracy with which we operate in juveniles 
and vice versa in adult individuals, we first must look at age estimation of subadult skeletal 
remains (Chapter 2.1.). For the period of early adulthood, when the individual is an adult 
legally (this threshold may vary slightly among countries), but the skeletal development is 
still ongoing, the fusion of the medial end of the clavicle epiphysis, dental mineralization 
or fusion of several apophyses can be used (e.g. (Langley et al., 2017; Hartnett et al., 
2018)). This will be the subject of Chapter 2.2. A brief introduction into the senescence 
processes of the adult skeleton (Chapter 2.3.) and an overview of some marginally used 
biochemical and histological methods (Chapter 2.4.) will close this section. 
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2.1. Juvenile age estimation based on the skeleton 
 First of all, it is crucial to stress here that biological age (whether skeletal or dental) 
is the one that can be estimated in physical anthropology, although it is the chronological 
age (actual number of years passed from birth to death) that is wanted (Cunha et al., 2009; 
Christensen et al., 2014b). Skeletal age estimation is based on the correlation between 
biological and chronological age, which, however, is never perfect, nor can be, because 
skeletal aging is variable and influenceable. The relationship between chronological and 
biological age is closer in younger individuals (Acsádi and Nemeskéri, 1970; Nawrocki, 
2010; Christensen et al., 2019). 
 The known timing of skeletal changes across the lifespan and their correlation with 
chronological age both enable researchers to estimate age with variable accuracy. 
In juveniles the entire skeleton changes as a function of growth, and the timing of 
developmental processes is very predictable (Franklin, 2010; Langley et al., 2017; Nikita, 
2017c). The process of development and growth from the immature to mature skeleton 
includes the appearance of ossification centres, epiphyseal and apophyseal union and 
development, and the eruption of teeth (Ubelaker and Khosrowshahi, 2019). 
The development of the subadult skeleton may be influenced primarily by internal factors 
(such as genetic); however, during the developmental phase of an individual's life, the 
external factors (e.g. illness, malnutrition) may also have an effect. In contrast, 
degenerative changes in adulthood are predominantly influenced by external factors 
(Christensen et al., 2014b).  
 Recognizing whether human remains belonged to a juvenile individual or an adult 
usually is not a problem for an anthropologist. Childhood is a part of the lifespan when age 
estimation is the most accurate, because the correlation with chronological age is the 
closest. However, these changes with age and the gap between the timing of the changes 
and the chronological age widen in adulthood (Nawrocki, 2010). In fact, knowledge of 
juvenile age is an important prerequisite for the possible estimation of other aspects of the 
biological profile. At the same time, age estimation is the only parameter of biological 
profile that can be estimated with accuracy when identifying juvenile skeletal remains 
(Nikita, 2017a; Cunningham, 2019). 
 Both, dental development (root development, mineralization and eruption of both, 
deciduous and permanent teeth) as well as skeletal growth and development (degree of 
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ossification, long bone length and epiphyseal union) can be used to estimate the age of 
juveniles (e.g. (Ritz-Timme et al., 2000; Baccino et al., 2013; İşcan and Steyn, 2013f; 
Langley et al., 2017)). However, dental development is very strongly correlated with 
chronological age, thus is the best choice for estimating age, since it offers more accurate 
and reliable estimates than bone maturation (e.g. (Cunningham et al., 2016; Langley et al., 
2017; Ubelaker, 2018a; Adserias-Garriga, 2019; Ubelaker and Khosrowshahi, 2019)). This 
is because tooth development is less affected by external factors and is under stronger 
genetic influence (Thesleff and Sharpe, 1997; Merwin and Harris, 1998; Nikita, 2017c). 
On the contrary, skeletal maturation is often affected by environmental influences 
(Cunningham et al., 2016; Langley et al., 2017) and is less affected by genetic factors. 
Given these facts, a bad state of health, (e.g. illness, malnutrition) is more likely to affect 
long bone growth than tooth calcification, which can thus result in a greater split between 
dental and skeletal age (Langley and Tersigni-Tarrant, 2017). 
The current review of the most commonly used methods for estimating the age-at-
death of juvenile individuals is provided by recent forensic manuals (İşcan and Steyn, 
2013a; Christensen et al., 2014c; Langley and Tersigni-Tarrant, 2017; Nikita, 2017d; 
Latham et al., 2018; Adserias-Garriga, 2019). These methods, which are common and are 
considered important by the author of this thesis, will be chosen and overviewed.  
The subadult period is usually divided into several subgroups (age categories), but 
the age intervals differ slightly in different forensics manuals and publications. Such 
classes may be fetus, newborn, infant (0–6 years), child (7–12 years) and adolescent (13–
20 years) (Baccino et al., 2013). The choice of the appropriate aging method depends, of 
course, on the skeletal remains available for age analysis and on the assumed subadult age 
category (Ritz-Timme et al., 2000; Baccino et al., 2013). In the prenatal stage (foetuses) 
and the early postnatal period, age can be reported within weeks or months. Later, with 
increasing age, estimates are possible in a range of 1–3 years (İşcan and Steyn, 2013e); 
Reppien et al. state that age estimates for small children can be within the range of 2 years, 
and for subadults within the range of 4 years (Reppien et al., 2006).  
2.1.1. Methods based on dental development 
The dental age can be assessed according to tooth mineralisation (tooth formation) 
or the timing of tooth eruption. However, methods based on mineralisation are considered 
to be more accurate in contrast to methods based on eruption (Solheim and Vonen, 2006; 
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Langley et al., 2017). Tooth eruption is influenced by both, external factors such as 
insufficient or unbalanced food intake (Gatta et al., 2008; Gaur and Kumar, 2012), 
infection, pathology, and trauma (AlQahtani, 2019), and internal, such as the hormones of 
a relatively unstable thyroid gland (Loevy et al., 1987; Chandna and Bathla, 2011). 
Methods for evaluating stages of dental mineralisation are much more reliable because 
they are not so affected by external factors and are under the control of hypophysis 
(Langley et al., 2017).  
Teeth start to develop around the 6
th
 week in utero (Caruso et al., 2016; 
Cunningham et al., 2016) and continue into early adulthood, making them a very useful 
indicator covering the entire juvenile period (Caruso et al., 2016; Ubelaker, 2018a). 
Among the most commonly used dental aging methods for subadults is the evaluation of 
the developmental stages of each available tooth (dental crown and root mineralization) 
with the use of relevant illustrations. Such methods include the method of Moorrees et al., 
based on tooth mineralization and eruption of permanent and deciduous teeth (Moorrees et 
al., 1963a; b), and that of Demirjian et al. (Demirjian et al., 1973; Demirjian and Goldstein, 
1976). Moorrees considered both mandibular (Moorrees et al., 1963a; b) and maxillary 
teeth (Moorrees et al., 1963a). This method can be used from the 4
th
 month in utero to 25 
years of age, while Demirjian based his approach on mandibular dentition for 2.5–17 year 
old children. These methods are sex-specific. Several modifications and adaptations for 
a variety of populations have been published (e.g. (Smith, 1991; Willems et al., 2001; 
Chaillet and Willems, 2004; Liversidge and Molleson, 2004; Blenkin and Evans, 2010)).   
Some very user-friendly methods based on dental development are probably the 
ones developed as an atlas or charts (Nikita, 2017c) that depict the stages of dental 
development at different ages (composite visual system). A well-known and most 
commonly used chart was authored by Ubelaker (Ubelaker, 1978, 1989), who modified the 
chart of Schour and Massler (Schour and Massler, 1941), detailing the deciduous and 
permanent tooth. Ubelaker’s chart includes tooth eruption (gingival), as well as tooth 
formation for individuals aged 5 months in utero to 35 years (Figure 2). Another atlas, 
known as the London Atlas of Human Tooth Development, was recently proposed by 
AlQahtani et al. (AlQahtani et al., 2010), and is available online at 
www.atlas.dentistry.qmul.ac.uk. The atlas consists of stages between 30 weeks in utero 





Figure 2. Deciduous and permanent tooth development and eruption; Chart published by Ubelaker 
(1989) from (Christensen et al., 2014c). 
 
There are a few serious limitations to all the methods assessing dental development. 
First of all, as a result of secular changes, the methods derived from modern samples 
should not be applied to archaeological material, as the applicability is uncertain (Nikita, 
2017c). Secondly, since the estimation of sex in juvenile skeletal remains is almost 
impossible and females generally mature more quickly than males, the estimation of age 
when sex is unknown can be affected (Molinari et al., 2004). Another problem is the 
population specificity of the timing of dental formation, although it is not as pronounced as 
it may be in skeletal development (Ubelaker, 2018a). The application of methods to other 
populations is limited and generally the use of a population specific standard of dental 
development is recommended (Willems et al., 2001; Langley et al., 2017; Nikita, 2017c).  
Dentition is invaluable for estimating age in juveniles, especially in foetuses, 
newborns and infants (Franklin, 2010; Baccino et al., 2013; Langley et al., 2017). 
Nevertheless, around 14–15 years of age, most teeth are usually fully developed and 
erupted, except for the third molars, which remains the only teeth undergoing 
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morphological development even later, thus being useable for age estimation (Reppien et 
al., 2006; İşcan and Steyn, 2013f; Draft and Kasper, 2019). However, their development 
tends to be more variable in contrast to the tooth formation during infancy, which is the 
least variable (AlQahtani et al., 2010). 
2.1.2. Skeletal age assessment of subadults 
When dentition is not available, skeletal development and maturation (i.e. 
diaphyseal length of long bones, the appearance and union of primary ossification centres 
and the union of epiphyses) are very good tools to estimate age as well (İşcan and Steyn, 
2013e). The correlation of diaphyseal length with chronological age is especially useful in 
foetuses, where the relationship is very strong and the intersexual and interpopulation 
differences are small. This is because the development is not yet as influenced by extrinsic 
factors (Fazekas and Kósa, 1978; Hoffman, 1979; Franklin, 2010). Although it dates back 
to the late 1970s, Fazekas and Kósa’s standards are still being largely used by some 
researchers (Fazekas and Kósa, 1978). However, doubts about the suitability of these 
standards in modern times are justified due to secular trend. More recent sources (e.g. 
(Schaefer et al., 2009; Cunningham et al., 2016)) and many population-specific studies in 
literature are available. Regression equations to estimate fetal age exist for those from 3 to 
9 months (Fazekas and Kósa, 1978). As children grow, the body height (or stature) 
becomes increasingly variable among them, and measurement of bones becomes less 
helpful (İşcan and Steyn, 2013d). 
The appearance and fusing of epiphyses is a regular consistent process with 
a known timing sequence that correlates with chronological age (Langley et al., 2017). 
Some widely used reference textbooks include the one by Cunningham et al. (Cunningham 
et al., 2016) and Schaefer et al. (Schaefer et al., 2009), where the original work of Fazekas 
and Kósa (1978) as well as modern standards are all included. Most epiphyses finish their 
union between 10 and 25 years which makes them useful even for age estimation in young 
adults.  
Similarly, as it was already mentioned for dental development, stages of maturation 
are the same for all individuals, but the rate of particular developmental milestones may be 
affected by many factors (Liversidge et al., 2015). The development could differ between 
sexes and populations, as well as groups of people with different socio-economic or 
geographical background. If possible, population specific standards should be used (Nikita, 
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2017c; Schaefer et al., 2018; Ubelaker and Khosrowshahi, 2019). Skeletal maturation 
could, of course, be influenced by nutritional and health state (Prentice et al., 2006).  
The next chapter will be devoted to late-fusing skeletal areas, i.e. parts of the 
skeleton that still interfere with the late adolescent and young adult periods. 
2.2.  Skeletal maturation and aging in late adolescents and young adults  
Late adolescents (16–20) and young adults (20–30 years) can be identified as 
individuals in which skeletal maturation is being completed (epiphyseal union and 
finishing of third molar development). This period is sometimes called the transition phase. 
Secondary ossification centres fuse with the primary mostly during adolescence, but a few 
of them fuse later than most others (Baccino et al., 2013; Cunningham et al., 2016). Given 
that, these late-fusing bone markers hold the potential to be used as age indicators of early 
adulthood. However, the literature is often inconsistent with regard to the recommendation 
of skeletal indicators to determine the onset of adulthood (reviewed in (Falys and Lewis, 
2011)). Population variability has already been emphasized several times and is again 
necessary to bear in mind.  
 
Crista iliaca 
One of the late-fusing anatomical structures is the spina iliaca, which starts its 
fusion around 14–18 years in female and 17–20 years in males, and completes fusion 
around 20–23 years of age (Schaefer et al., 2009). The approximate appearance and fusion 





In the mid-twentieth century, the so-called Risser sign grading system was 
developed with the original intention to evaluate iliac crest maturation (ossification) to 
provide additional information for patients with scoliosis (e.g. (Risser, 1958)). Later, apart 
from clinical purposes, the Risser sign began to be used for forensic age estimation, 
especially in living individuals (e.g. (Wittschieber et al., 2013a; Lottering et al., 2017; 
Bartolini et al., 2018)). Besides the Risser sign grading system, there are other methods, for 
instance, the Kreitner and Kellinghaus method (Kreitner et al., 1998; Kellinghaus et al., 
2010) originally developed for clavicle ossification and modified by Wittschieber et al. for 
application on the iliac crest (Wittschieber et al., 2013b).  
 
Spheno-occipital synchondrosis 
Another marker is the union of the spheno-occipital synchondrosis (Figure 4), 
which is typically considered a transition point from juvenile age to adulthood 
F 17–23 years 
  
A 13–16 years 
  
A 4–5 months 
(prenatal) 
  
A 3 month 
(prenatal) 
  
A 12–15 years 
  
F 16–20 years 
  
F 19–20 years 
  
F 16–18 years 
  
F 17–20 years 
  A 12–15 years 
  
A 5–6 months 
(prenatal) 
  
A 23–27 years 
  
A 10–13 years 
  
F 11–15 years (female) 
F 14–17 years (male) 
  
  
F 5–8 years 
  
F 27+ years 
 
Figure 3. Summarized times of the appearance and fusion of pelvic ossification centres. 
19 
 
(Cunningham et al., 2016). It was initially reported that this synchondrosis fuses at around 
18 years of age, between the ages of 17 and 20–25 (Nikita, 2017c; Hisham et al., 2018).  
 
However, it is now known that the fusion can occur much earlier in juvenile age, 
approximately from 11 years in females and from 13 years in males, but the timing is 
widely variable between populations. However, the average age of the union remains 
around 19 and 20 years, with slightly earlier occurrence in females (e.g. (Shirley and Jantz, 
2011; Franklin and Flavel, 2014; Cunningham et al., 2016; Hisham et al., 2018)).  
 
Third molar  
When second molars are erupted, third molars are the ones that are still developing 
(İşcan and Steyn, 2013f; Draft and Kasper, 2019). Crowns start to form between 6–12 
years (Cunningham et al., 2016) and do not erupt earlier than the late teens (around 18 
years) to the early twenties (Christensen et al., 2014b; Langley et al., 2017). This is also 
Figure 4. Unfused spheno-occipital synchondrosis (top left and right), fusing 
synchondrosis (bottom). Taken from (Shirley and Jantz, 2011). 
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related to the completion of root formation, which may occur even after 25 years 
(Adserias-Garriga, 2019) and is often advanced in males (Mincer et al., 1993; 
Willershausen et al., 2001). The crown and root development of the third molar can be 
rated, for instance, by the Mincer age estimation technique (Mincer et al., 1993). The 
development of the third molar is reflected also in the London Atlas of Human Tooth 
Development (AlQahtani, 2019) and Ubelaker’s sequence diagram (Ubelaker, 1978, 1989). 
Unfortunately, M3 is not only characterized by the most variable timing of 
development among all the teeth, which makes it not recommended as a sole age indicator, 
but also by its frequent congenital absence (Mincer et al., 1993; Rozkovcová et al., 2005; 
Christensen et al., 2014b; Algee-Hewitt, 2017; Ubelaker, 2018a; Draft and Kasper, 2019). 
Nowadays, the third molar is quite often extracted (e.g. (Marciani, 2007)) which excludes 
it as an age indicator.  
 
Thoracic vertebrae, Sacrum 
The complete fusion of the annular epiphysis (which is usually the last one to fuse) 
of the thoracic vertebrae starts at around 17–18 years till the late twenties (Schaefer et al., 
2009; Cardoso and Ríos, 2011).  
Generally, the secondary ossification centres of the sacrum fuse later than the 
thoracic, cervical or lumbar vertebrae. In the sacrum, first (S1) and second (S2) sacral 
vertebrae are the last to fuse. The complete union is seen at around 25 years or more 
(McKern and Stewart, 1957; Cunningham et al., 2016); in fact, it could be observed as late 
as at 35 years of age (Belcastro et al., 2008). 
 
Clavicle 
The last epiphysis to fuse is usually the medial end of the clavicle (Figure 5). The 
fusion of the ossification centres used to be assessed via computed tomography 
(Kellinghaus et al., 2010; Bassed et al., 2011; Ekizoglu et al., 2014; Gurses et al., 2016), 
X-rays (Schmeling et al., 2004; Garamendi et al., 2011), magnetic resonance imagining 
(Hillewig et al., 2013; Schmidt et al., 2017) and last but not least, via dry bones (Langley-




A summary of several publications concerning the timing of epiphyseal fusion is 
presented in Table 2. Generally, there are several scoring systems used to record the stage 
of epiphyseal fusion of the clavicle. Probably the most often used scoring system is the 5-
stage system developed by Schmeling and colleagues (2004). The five phases are as 
follows: (I) the ossification centre has not yet ossified; (II) the ossification centre has 
ossified, but the epiphyseal cartilage has not ossified; (III) the epiphyseal cartilage is 
partially ossified; (IV) the epiphyseal cartilage is fully ossified; (V) the epiphyseal 
cartilage has fused completely and the epiphyseal scar is no longer visible. Another system 
is the one of McKern and Stewart (McKern and Stewart, 1957). Here five stages are 
defined as (1) no union, (2) beginning union, (3) active union, (4) recent union, and (5) 
complete union. As can be seen from Table 2, there is considerable variation in fusing 
time. The minimal age when complete fusion was observed ranged from 17 to 26.4 years 
in males and from 20 to 26.7 years in females. Such differences may be due to various 
input data, discrepancies in technical parameters (e.g. slice thickness) or simply due to 
population variation. If this is the case, the use of population-specific standards is crucial 
here. At the same time, it has to be pointed out that there is some overlap between the years 
when the epiphysis may still not be fused in one individual, while it may be completely 
fused in another (e.g. (Schaefer et al., 2018)). The influence of a secular trend in the fusing 
time in the clavicle was observed (Langley-Shirley and Jantz, 2010). 
  
F 16–30 years 
  
A 13–14 years 
  
A 18–20 years 
  
A 5–6 weeks 
(prenatal) 
  







F 18–20 years 
  
Figure 5. Times of appearance and fusion of ossification centres of the clavicle. A = appearance, 
F = fusion. Modified (Cunningham et al., 2016). 
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Table 2. Comparison of epiphyseal fusion times (stage IV and V of Schmeling et al. and McKern 
and Stewart scoring systems) in the clavicle. 
(1) Schmeling et al., 2004; (2) McKern and Stewart, 1957 
* Maximal age in sample 
 
Once all epiphyses and apophyses are completely merged and dentition is fully 
developed and erupted, in other words, skeletal and dental maturity is reached, the 
individual may be considered fully grown from an anthropological point of view. While 
late-fusing skeletal structures complete their fusion, other anatomical structures begin to 
degenerate, and techniques relying on degenerative processes of the skeleton are the ones 
to be used to estimate age-at-death (Baccino et al., 2013; Adserias-Garriga and Wilson-









Min-max age  
at stage IV (years) 
Minimal age - 
complete fusion 
(years) 
Male Female Male Female 
Bassed et al. 
(2011) 
Australia (1) 15–25 17–25* 19–25* 17 20 
Ekizoglu et 
al. (2015) 
Turkey (1) 10–35 20–35* 20–34 25 25 
Garamendi 
et al. (2011) 
Spain (1) 5–75 19.7–33 20.6 
Gurses et al. 
(2016) 
Turkey (1) 10–35 21.0–35.9* 20.9–35.9* 25.0 
Hillewig et 
al. (2013) 
Belgium (1) 16–26 22.1–26.9* 18.1–26.9* not stated 
Kellinghaus 
et al. (2010) 





USA (2) 11–33 22–32 20–31 19 24 
Schmeling et 
al. (2004) 
Germany (1) 16–30 21 20 26.0 26.7 
Schmidt et 
al. (2017) 
Germany (1) 12–24 21.7–24.8 21.3–24.9 not stated 
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processes of the joints by its very nature allows the estimation of age only with wide age 
intervals. Adult age estimation will be the main content of the next part of this thesis. 
2.3.  Principles of adult age-at-death assessment 
The age-at-death estimation of juveniles is often both accurate and reliable; 
however, for adults this is not the case, especially for older individuals. While subadult age 
estimation techniques rely on skeletal growth and development, post-developmental 
senescence and degenerative changes of various skeletal and dental structures are most 
often the basis for estimating age-at-death once the skeleton is fully matured (Cunha et al., 
2009; Baccino et al., 2013). These physiological degeneration changes have relatively 
predictable order, but the rate of their occurrence varies very much depending on the 
genetic background and external influences of an individual which are responsible for the 
separation of biological and chronological age (Gocha et al., 2015). Because of that, the 
biology of aging is very variable among populations. The effect of external factors on age-
at-death assessment will be the subject of Chapter 3.2. Visual methods based on assessing 
the gross morphology of the joint surface are the most widely and commonly employed to 
estimate age-at-death, because they are cheap, do not require bone or tooth destruction, are 
easy to apply and usually do not require special laboratory equipment. 
However, organisms age at all levels. Age-related changes can therefore be 
observed not only on macroscopically observable external structures, but also on 
macroscopic internal structures, as well as at the microscopic or even biochemical levels.  
The following chapter will provide a brief overview of methods that are not based 
on the visual macroscopic examination of the intact skeletal indicator, where some kind of 
intervention into bone or dental structure is needed. Traditional macroscopic age-at-death 
estimation methods will be the content of Chapter 3, with a more detailed focus on pelvic 




2.4. Biochemical and histological methods for adult age estimation: 
Principles and their accuracy 
 
Biochemical methods of age estimation 
The aging of the organism is accompanied by natural changes that happen at 
different levels. In this chapter, changes at the lowest level – biochemical – will be briefly 
overviewed. When it comes to chemical modifications occurring throughout life, all 
possible approaches are based on the modifications of protein configuration leading to 
alterations in cells and tissues. Of all the chemical approaches, the racemization of aspartic 
acid is the most accurate and reliable (Zapico et al., 2019a). The essence of racemization is 
converting L-amino acids to D-amino acids with age. It is a natural process that every 
metabolically stable protein undergoes (Masters et al., 1977; Arany and Ohtani, 2010). The 
racemization of aspartic acid is one of the fastest racemization, which is of great benefit in 
forensic sciences. To estimate age, the changing ratio of L and D form is used (Zapico and 
Ubelaker, 2013). Among the tissues suitable for analysis (i.e. tissues with slow metabolic 
rate), dentin appears to be the more accurate and the most used for age estimation, as it 
produces strong correlation with age and provides a standard estimation error of ± 1.5–4 
years (Ritz-Timme et al., 2000; Ohtani and Yamamoto, 2010; Adserias-Garriga and 
Zapico, 2018). Moreover, dental tissues are durable, therefore, the dentition is often 
preserved. In fact, aspartic acid racemization is one of the most reliable methods of age 
estimation based on dentition (Zinni and Crowley, 2017). On the other hand, in the case of 
bone tissue, the use of this is difficult (Ohtani, 1998). This chemical approach can be 
performed if teeth are present, if skeletal remains were not burnt and the time elapsed since 
death does not exceed several decades (Ritz-Timme et al., 2000). Nonetheless, it has its 
limitations; for instance, the lack of expertise in laboratories, which is required due to 
complex procedures, or the dependence on tooth type (Minegishi et al., 2019), as well as 
its destructive nature. It has been reported that this approach provides more accurate 
estimates of life expectancy than methods based on bone or dental morphology (Ritz-
Timme et al., 2000). 
Other chemical methods that were studied in order to estimate age are lead 
accumulation, collagen crosslinks, chemical composition of teeth and advanced glycation 
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end products (Zapico and Ubelaker, 2013; Zapico et al., 2019a), although they do not reach 
such accuracy. 
Apart from chemical approaches used to estimate age, there are also molecular 
biology approaches, which use various modifications to the DNA. They are, however, not 
as accurate as aspartic acid racemization (Zapico et al., 2019b). Among the studied 
approaches, there are mitochondrial DNA mutation, signal joint T-cell receptor excision 
circle rearrangement, epigenetic modification and telomere shortening (Zapico et al., 
2019b). Telomere shortening research is well known among the molecular methods and 
offers about 7 years’ error (Tsuji et al., 2002). Very recently, research has begun to focus 
on age-related epigenetic modification, specifically DNA methylation (Bocklandt et al., 
2011; Bekaert et al., 2015; Giuliani et al., 2016). Initial studies reported an error of about 5 
years with the use of saliva or blood samples (e.g. (Bocklandt et al., 2011; Zbieć-Piekarska 
et al., 2015)); however, the more recent ones reached very high accuracy. For example, 
Giuliani et al. predicted the age from dental pulp with error (median of the absolute 
difference) of 2.25 years; from tooth cementum with error of 2.45 years; but from 
cementum, with error of 7.07 years (Giuliani et al., 2016). DNA methylation is becoming a 
very promising molecular marker of age for use in forensic sciences; however, more 
research is required. 
 
Bone and dental histological aging 
Histomorphometric ageing methods take advantage of the fact that the bone 
remodels itself over the span of a lifetime from primary lamellar bone, through primary 
osteons to final secondary osteons (Christensen et al., 2014b). The proportion of 
remodelled bone increases with age. The approaches are based, for instance, on counting 
the numbers of different structures or their density, which in the case of intact and 
fragmentary osteons is referred to as osteon population density (OPD). The density grows 
with age until the maximum OPD is achieved (Crowder et al., 2012). The microscopic 
changes can also be expressed as the percentage of remodelled or unremodelled bone, 
using metrical or area variables. However, the remodelling rates are bone-specific (Robling 
and Stout, 2007; İşcan and Steyn, 2013e; Christensen et al., 2014b). In addition to OPD, 
the size and shape of osteons was also assessed, and it was found that while size decreases 
with aging, osteon circularity and OPD both increase (Goliath et al., 2016). However, these 
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optimistic results were not confirmed by a validation study (Lagacé et al., 2019). The most 
often employed skeletal elements for histological analysis include the femur, ribs and tibia 
(İşcan and Steyn, 2013e). 
The histomorphometric approaches are useful, especially in fragmentary human 
remains, when macroscopic indicators are unavailable and morphological methods cannot 
be applied. However, even these approaches are burdened with a certain degree of 
subjectivity and there are various intrinsic and extrinsic factors influencing the remodelling 
rate (Robling and Stout, 2007; Christensen et al., 2014b; Crowder et al., 2018). Moreover, 
they are, of course, invasive and destructive, which is often undesirable. Other limiting 
factors that prevent these methods from being used are the equipment and training 
requirements. Bone structural biology has recently been imagined with the use of 
synchrotron radiation micro-CT (Maggiano et al., 2016; Crowder et al., 2018).  
Just as the bone structure undergoes microscopic changes, so does the dental 
structure. The criteria that could be examined based on dentition are attrition, secondary 
dentin deposition, root transparency, root resorption, periodontosis and cementum 
apposition – the thickness of the band of cementum (Gustafson, 1950). Secondary dentin 
deposition, cementum apposition and root resorption can only be seen microscopically 
(Gustafson, 1950).  
A special case of age estimation in humans is cementochronology, which has been 
used for many years to estimate the age of non-human mammals, but has been neglected 
for a very long time in humans. However, it has recently been on the rise (e.g. (Renz and 
Radlanski, 2006; Colard et al., 2015; Couoh, 2017; Bertrand et al., 2019a; b)) in both the 
forensic and bioarchaeological context (e.g. (Colard et al., 2015; Lanteri et al., 2018)). The 
annual apposition of cementum to the tooth root, which is the basis of cementochronology, 
shows very promising results in adult age estimation. The cementum deposits are 
characterized by dark and light bands that are counted (each pair = 1 year) at 
a microstructural level and added to the mean age of tooth eruption or, alternatively, root 
completion (Bertrand et al., 2019a). This apposition is characterized by a close relationship 
with chronological age and is applicable to individuals of all ages with permanent teeth 
(Ritz-Timme et al., 2000; Bertrand et al., 2019b). Today, counting cementum annuli is 
considered a reliable approach, providing strong correlation with age (Wittwer-Backofen et 
al., 2004; Bertrand et al., 2019a), although some exceptions exist (e.g. (Roksandic et al., 
2009; Kasetty et al., 2010)). This may be due to the non-uniform protocols used in sample 
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preparation and/or the use of archaeological material where the applicability of method is 
not fully explored. The standardized procedure should be followed to reduce bias during 
preparation (see (Colard et al., 2015; Bertrand et al., 2019a)). The stated accuracy of the 
method is between ±2 to ±6 years (Grosskopf and McGlynn, 2011), which is better than 
the accuracy provided by traditional methods. However, the accuracy and reliability 
decrease with age, as the readability of incremental lines is more difficult with growing age 
(Bertrand et al., 2019a). The closer relationship between chronological and biological age 
is disturbed by intra and inter population variability in tooth eruption (Couoh, 2017). The 
mechanism of the annual increase has not yet been illuminated (Bertrand et al., 2019a), as 
is the case of the effect of periodontal diseases, as studies give contradictory conclusions 
(e.g. (Wittwer-Backofen et al., 2004; Dias et al., 2010)). 
Nevertheless, the main disadvantage is the destructive nature of the sample 
preparation procedure, which requires the transverse section of the root (Figure 6). This 
limitation could be solved by non-destructive imaging using synchrotron micro-CT (Le 
Cabec et al., 2019), which so far has attained low accuracy but sufficient precision; further 
research is still needed. 
 
  
Figure 6. Principle of sample preparation in cementochronology: one root tooth, cross section, 




Generally, the most reliable age estimation methods based on the dentition of adult 
individuals are the counting of cementum annuli, aspartic acid racemization on the enamel, 
dentin, or cementum (Rösing et al., 2007; Zinni and Crowley, 2017) and, recently, the 
epigenetic modifications (Giuliani et al., 2016). The best methods should not only be 
accurate, user-friendly, cheap and time-saving, but they should also be tested on different 
populations. This is often not the case with biochemical and histological methods, which is 
their frequent drawback. Moreover, another limitation is their need for laboratory 
equipment, proper training and experience, and the fact that they are in most cases 
destructive (Cunha et al., 2009; Lewis and Kasper, 2018). Given these reasons, 
conventional visual methods of age-at-death estimation are usually preferred, even though 




3. VISUAL TRAITS IN ADULT AGE-AT-DEATH ESTIMATION: A 
CHANGE OF PARADIGM 
Approaches for adult age estimation are divided into several groups according to 
the level of the degeneration processes (micro and macroscopic) and their type, the 
structures available for examination and the like. The previous chapter briefly summarized 
some techniques based on bone microstructure, biochemical changes and tooth micro-
modifications. Even though some of them could be very accurate and reliable, indisputably 
the most commonly applied methods in bioarcheology and forensic anthropology, besides 
the destructive dental methods, are the ones examining gross morphology; the 
metamorphosis of articular surfaces is the most common.  
The choice of suitable skeletal indicators to estimate age-at-death is governed by 
several recommendations and requirements. They have to (1) show gradual changes with 
advancing age that are unidirectional and are highly correlated with chronological age. (2) 
The aging pattern should be reliably classifiable and measurable (according to the type of 
data). (3) The observable changes should happen approximately at the same time 
(consistent rate of change) in all individuals, or at least in the particular sex, biogeographic 
origin, etc. (4) Last but not least, the indicator should be as resistant to taphonomy as 
possible (Milner and Boldsen, 2012a; Algee-Hewitt, 2017). This ideal notion of how the 
indicators should look, however, clashes with reality in its biological variability, which 
makes it very difficult to find such an age indicator.  
Traditional methods of age-at-death estimation rely on two different scoring 
systems: a phase-based or a component-based (composite) system. Both systems evaluate 
morphological features using regular patterns of degenerative changes, but the phase-based 
system describes an overall morphological change (i.e. more characters are grouped and 
assessed at the same time) and creates broad phases. On the contrary, component-based 
approaches first divide the particular age indicator into several components (traits) that are 
then scored independently. The latter is believed to be more objective and less dependent 
on observers experiences (Shirley and Ramirez Montes, 2015). 
Since the end of the 20th century, the development of methods, especially in the 
forensic area, has been influenced by the requirements arising from the case Daubert v. 
Merrell Dow Pharmaceuticals, Inc. (1993), known as the Daubert criteria (Daubert v. 
Merrell Dow Pharmaceuticals, 1993; Grivas and Komar, 2008). The set of standardized 
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criteria target scientific expert witness testimony and must be met in order for the evidence 
to be admissible in court. For forensic science, including anthropological expertise such as 
age-at-death estimation, this means that methods must be presented to the scientific 
community through peer review and publication in renowned journals, and accepted by 
them. The methods and therefore the conclusions made by scientists must be testable and 
tested. The accuracy of methods must be known; the results should ideally be expressed 
via probability and the method should be sufficiently successful to be accepted (Daubert v. 
Merrell Dow Pharmaceuticals, 1993; Ritz-Timme et al., 2000; Grivas and Komar, 2008; 
Ousley and Hollinger, 2012; Langley and Tersigni-Tarrant, 2017). The Daubert standards 
changed the development of biological profile methods significantly. 
The Chapter 3 is dedicated to the morphological age indicators that are most 
commonly used for adult age estimation and for an overview of well-known and often 
employed traditional methods (Chapter 3.1.). Further, the influence of various factors on 
joint morphology used for age estimation will be debated (Chapter 3.2.). The last part of 
this section is devoted to the limitations that burden age estimation and possible solutions 
(Chapter 3.3.). 
3.1. Age indicators and methods of age estimation 
Contrary to growth and developmental changes of dentition and skeleton that are 
used to estimate the age of juveniles, indicators capturing postdevelopmental degenerative 
changes are used in the case of adults. Several articles reviewed age-estimation techniques 
that are the most commonly employed in a particular region, in particular anthropological 
literature (renewed journals) or/and the most used in an examined time period. Falys and 
Lewis (2011) examined aging techniques from three journals of the time period from 2004 
to 2009. They reported that among the most frequently used osteological age indicators 
were dental attrition, cranial sutures, the pubic symphysis and the auricular surface of the 
ilium. They also stated that the use of population-specific standards were absent or very 
rare (Falys and Lewis, 2011). Another review was based on a questionnaire done by 
members of the American Academy of Forensic Sciences – Physical Anthropology section 
(Garvin and Passalacqua, 2012). The authors reached similar results; the most preferred 
skeletal indicators were the pubic symphysis, the sternal ribs end and the auricular surface. 
Conversely, cranial sutures and dental wear are among the least preferred.  
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The most common visual osteological aging methods are summarized and 
overviewed in anthropological textbooks. These are the most recent ones (Dirkmaat, 2012; 
İşcan and Steyn, 2013a; Christensen et al., 2014c; Langley and Tersigni-Tarrant, 2017; 
Nikita, 2017d; Latham et al., 2018; Adserias-Garriga, 2019). This thesis does not aim to be 
one of them; therefore, the list of methods and their revisions will not be complete. The 
attention will be directed to the sternal ends of ribs, which correlate with chronological age 
quite closely, to cranial sutures, which were widely used in the past and are sometimes 
used to this day (unfortunately), and shortly to dentition. However, this overview is 
focused mainly on the three articular surfaces of os coxae, the three age indicators that 




Cranial sutures as an indicator of age-at-death went through periods in which they 
were widely used to estimate age, to a period when it was found that their obliteration had 
poor correlation with age, after which most practitioners stopped using these structures. It 
was observed that ectocranial, endocranial and also maxillary sutures gradually obliterate, 
and that these processes correlated somehow with age (e.g. (Todd and Lyon, 1924, 1925; 
Acsádi and Nemeskéri, 1970; Mann et al., 1991)). Among the first to be concerned with 
cranial sutures in relation to age and who suggested new appropriate methods were Todd 
and Lyon, who found that the sutures on the endocranium are the first to obliterate (Todd 
and Lyon, 1924, 1925). A widely used method was, for instance, the revised method of 
Meindl and Lovejoy, which is based on the component scoring of ectocranial sutures 
(Meindl and Lovejoy, 1985). However, the authors themselves concluded that suture 
closure should not be relied upon as a single indicator, but in association with other 
indicators (Todd and Lyon, 1924; Acsádi and Nemeskéri, 1970; Meindl and Lovejoy, 
1985), or with the use of wide age intervals (Acsádi and Nemeskéri, 1970). Plenty of 
revisions and validations in different population samples have been carried out and have 
had very similar conclusions (e.g. (Powers, 1962; Galera et al., 1998; Donato et al., 2016; 
Ruengdit et al., 2018)). Some researchers agree with Masset’s statement (Masset, 1990) 
that the relationship between actual age and the obliteration of cranial sutures is only 
statistical (Baccino and Schmitt, 2006). Even though complete obliteration is somehow 
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indicative of advanced age (Christensen et al., 2014b), it is not the rule, and using of suture 
closure should be avoided (Cunha et al., 2009; Baccino et al., 2013) or used only when a 
cranium without tooth is recovered; at least it should not be used alone, but as a general 
indicator in association with other indicators. Generally, suture closure is not among the 
preferred age-at-death indicators (Garvin and Passalacqua, 2012). 
 
Sternal ends of ribs 
Sternal ends of ribs are elongated by costal cartilage of hyaline type (Standring, 
2016), which received attention as an age indicator in the past (McCormick, 1980). Costal 
cartilage ossification is also associated with changes on the costal face (the area of the 
costochondral junction), which has become the subject of interest of several researchers. 
İşcan and collective were the first who correlated morphological changes at the 
sternal end of the fourth rib with age and developed an aging method (İşcan et al., 1984a, 
1985). This method was originally proposed for the fourth right rib as a phase-based 
system consisting of nine phases. The sternal end is initially flat or covered with billows, 
and its rim is rounded; later, the rim becomes irregular and sharp due to osteophyte 
formation, and also thinner with developing porosity (see Figure 7 for illustration). 
A series of casts (by France Casting) were created for users to facilitate the evaluation. 
Later, the use of the İşcan method was extended to other ribs of both sides, in addition to 
the fourth, since they go through similar changes (e.g. (Dudar, 1993). 
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 Few researchers focused on the metamorphosis of the first rib, and developed 
a method solely based on this structure (Kunos et al., 1999; Digangi et al., 2009). The 
original method was, of course, subjected to many revisions and adjustments, in order to 
attain better accuracy and make a validation in different skeletal samples (e.g. (Oettle and 
Steyn, 2000; Hartnett, 2010a)). However, probably due to variation among the skeletal 
samples and the not always ideal inter-observer repeatability the results are rather 
contradictory. 
Nevertheless, rib techniques unlike, for instance, techniques based on pubic 
symphysis (see below) offer a longer period of metamorphosis, on the basis of which age 
can still be estimated accurately. On the contrary, the main disadvantage of ribs is their 
poor preservation ((Falys and Lewis, 2011; Cappella et al., 2017)). 
 
 
Figure 7. Examples of morphological age-
related changes of sternal rib ends. Individual 
27 years (upper row), 49 years (middle row), 






Dentition provides very accurate and reliable age estimates in juveniles, and carries 
information about age changes even into adult age (as mentioned in the Chapter 2.4.). 
Several methods have been developed using teeth for age estimation. The best known 
methods include the Gustafson method (Gustafson, 1950), which has been modified many 
times, with the most significant revision by Lamendin (Lamendin, 1988; Lamendin et al., 
1992). Gustafson incorporates six criteria that require a tooth section of which three must 
be evaluated microscopically (Chapter 2.4.). Among these criteria, attrition is the one that 
is the most affected by external factors; for example, by dietary factors. Lamendin’s 
technique reduced the number of evaluated features to only two (root transparency and 
periodontosis). Moreover, the tooth section is not required, nor is there a need for special 
equipment or training. However, his approach is not recommended for individuals younger 
than 40 years (Lamendin et al., 1992), as the translucency is not present before 25 years of 
age (Baccino et al., 2014). 
 
Pubic symphysis 
Pubic symphysis (Figure 8) is an anatomical structure by which scientists have 
undeniably been the most fascinated as an age indicator for a hundred years (for example 
the publication of (Todd, 1920)). A thorough systematic review of adult pubic symphysis 
was published by Becker and colleagues (Becker et al., 2010). Modern literature states that 
pubic symphysis is a secondary cartilaginous joint (Standring, 2016), although opinions 
have been different in the past (Becker et al., 2010). The two os coxae meet in the midline, 
with a fibrocartilaginous interpubic disc between them. In area where the disc is in contact 
with bone articulating surfaces, the surface of the pubic bone is covered by hyaline 
cartilage (Čihák, 2011; Standring, 2016).  This joint is characterized by its very limited 
degree of movement; however, during parturition, mobility increases (Alicioglu et al., 




The articulating surfaces undergo changes throughout adulthood, which have 
a degenerative character. The pubic face is at the beginning characterized by deep 
transverse ridges and furrows that begin to fade with age and are flat at the end. The 
texture of the bone also changes from smooth to fine and later to coarsely granular. 
Another feature subjected to age changes is the formation and subsequent deterioration 
(breakdown) of the rim. The formation of the rim starts on the dorsal margin, continuing to 
the ventral margin. Also during the aging process, porosity, pitting and overall erosion 
begin to appear. The changes were first observed and described by Todd as early as 1920, 
when he also designed a phase-based method (Todd, 1920). Todd’s system was based on 
ten morphological phases starting from 18 years and ending with an open-ended interval of 
50+ years (Todd, 1920; Milner and Boldsen, 2012b). Later, he suggested modifications of 
his system concerning the clustering of phases (1921). Since his publications, there have 
been countless tests, validations, modifications and new approaches developed, whether 
phase-based or component-based (e.g. (McKern and Stewart, 1957; Gilbert and McKern, 
Cavity in interpubic disc 
Interpubic disc 
Section of pubic bone 
and symphysis 
Figure 8. Coronal section of the pubic symphysis, anterior view of left bony pelvis. 
Modified (Standring, 2016). 
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1973; Hanihara and Suzuki, 1978; Meindl et al., 1985; Brooks and Suchey, 1990; Lovejoy 
et al., 1995; Schmitt et al., 2002; Dudzik and Langley, 2015; Stoyanova et al., 2015; Savall 
et al., 2016; Merritt, 2018a)). The pubic symphyseal surface is most likely the most widely 
used indicator for estimating the age of adults (e.g. (Meindl et al., 1985; Garvin and 
Passalacqua, 2012; İşcan and Steyn, 2013e)). An important and most commonly used 
method is a modification of Todd’s system published by Brooks and Suchey (Katz and 
Suchey, 1986; Brooks and Suchey, 1990). The symphyseal surface changes are in their 
approach visually scored into six phases and developed for each sex separately. Castings 
were made to facilitate the evaluation. For each phase, two bones presenting an early and 
a later pattern of the phase were chosen (Figure 9). Even the Suchey-Brooks method has 
received many revisions and validations on various population samples, including 
adjustment to the phases and statistical methods, both on dry bones (e.g. (Berg, 2008; 
Kimmerle et al., 2008; Hartnett, 2010b; Rivera-Sandoval et al., 2018)), and with the 
implementation of imaging and scanning technologies in anthropology, on virtual models 





However, already in his first publication, Todd stated this about the symphysis 
pubis: “Indeed the symphysis tells its tale throughout life, although less clearly from forty 
years onward than at an earlier age”  (Todd, 1920). This conclusion seems to have been 
overlooked for a long time since many researchers applied the methods based on the 
evaluation of senescence changes in the pubic symphysis for the whole age range of adult 
life, which resulted in age estimates that were neither accurate nor reliable, particularly in 
individuals older than 40 years. The changes are simply too variable in older ages, as 
evidenced by the wide and overlapping age intervals published, for example, by Suchey-
Brooks (Table 3).  
  
Figure 9. Cast set for pubic symphyseal changes in female made by France Casting 
(http://www.francecasts.com/) for the Suchey-Brooks six phase system. The upper row 
corresponds to the early stage of phase; the lower row to the later stage (Langley et al., 2017). 
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Table 3. Descriptive statistics related to the Suchey-Brooks pubic age  








S.D. = standard deviation; all numerical values in years. 
 
Nowadays, researchers are finally aware of and have stopped ignoring that a single 
age indicator cannot cover the whole age range; in the case of the symphysis pubis, its 
ability to reflect age is limited to approximately 40 years of life (e.g. (Buk et al., 2012; 
Baccino et al., 2014; Dudzik and Langley, 2015; Márquez-Grant, 2015)). For example, 
Dudzik and Langley (2015) proposed a component (composite)-based scoring approach for 
adults up to 40 years, which provides decision-tree-style flow charts. They offer narrower 
age ranges than the approaches assessing the overall morphological changes (Dudzik and 
Langley, 2015). Another approach that respects the biological ability of the pubic 
symphysis to show age-related changes is the Two-step procedure (TSP) of Baccino and 
co-workers (Baccino et al., 1991, 2014; Baccino and Zerilli, 1997), who combined two 
different skeletal structures – two different aging methods. The scoring systems of the 
Suchey and Brooks method and the Lamendin method are combined chronologically. The 
first three phases of the Suchey and Brooks method approximately cover adult age up to 
40 years, while the Lamendin dental method is more appropriate for individuals older than 
40 years (Lamendin, 1988; Lamendin et al., 1992). If the pubic symphysis is not available, 
the use of sternal end of ribs is recommended (Cunha et al., 2009; Baccino et al., 2014). 
 
Auricular surface of the ilium 
The sacral and iliac auricular surfaces together create the sacroiliac joint (SIJ), 
which is currently considered to be partly synovial and partly syndesmotic (Mahato, 2016; 
Standring, 2016), as well as symphyseal (Puhakka et al., 2004). The type of joint was 
Phase 
Female (n=273) Male (n=739) 
Mean S.D. 95% range Mean S.D. 95% range 
I 19.4 2.6 15–24 18.5 2.1 15–23 
II 25.0 4.9 19–40 23.4 3.6 19–34 
III 30.7 8.1 21–53 28.7 6.5 21–46 
IV 38.2 10.9 26–70 35.2 9.4 23–57 
V 48.1 14.6 25–83 45.6 10.4 27–66 
VI 60.0 12.4 42–87 61.2 12.2 34–86 
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debated a lot in the past (summarized in (Mahato, 2016)). Both the sacral and the iliac 
surfaces are covered with hyaline cartilage, which is thinner on the iliac surface  (Puhakka 
et al., 2004; Standring, 2016) and is more fibrous and covered with fibrocartilage, contrary 
to the sacral part of the joint (Puhakka et al., 2004). Movements of SIJ are very limited, but 
increase during pregnancy (Standring, 2016).  
The articular surface of the posterior pelvis (Figure 10) is characterized by 
metamorphic changes (remodelling of the joint surface) correlating with age; however, 
these were used to create age-at-death estimation methods much later than with the pubic 
symphysis. Activity in the retroauricular area can be registered (Lovejoy et al., 1985b). 
 
Figure 10. Posterior ilium – key areas of age-related surface changes used in 
methods of adult age-at-death assessment. Photo by Kotěrová A. 
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The advantage of the auricular surface over the pubic symphysis is that this area 
preserved much better (Lovejoy et al., 1985b; Osborne et al., 2004; Nikita, 2017c). 
Initially, the surface is regularly billowed (transversally organized); the billows later 
change to striae and eventually the surface becomes flat. Finely grained texture is gradually 
replaced by coarsely grained until the surface becomes dense at the end. The apex also 
undergoes degenerative changes, from a smooth and rounded surface to an irregular border 
with osteophytic lipping. With advancing age, micro and later macroporosity can be 
observed. Representative changes are depicted in Figure 11. 
 
 
Lovejoy and colleagues were the first to suggest a phase evaluation of the auricular 
surface and retroauricular area (Lovejoy et al., 1985b). They divided surface 
metamorphosis into eight phases at five-year intervals, where the last phase ends with an 
open interval of 60+ years. This original method was subjected to many validation studies 
and revisions (e.g. (Buckberry and Chamberlain, 2002; Osborne et al., 2004; Schmitt, 
2004)) which found out that the age of older individuals is underestimated and that the 5-
year intervals are too narrow, making age estimates inaccurate. Osborne et al. reported 
only 33% accuracy with the 5-year age intervals (Osborne et al., 2004). Buckberry and 
Chamberlain revised the Lovejoy et al. method by proposing a composite scoring system 
Figure 11. Degenerative changes (a–f) on the example of the left auricular surfaces 
and the retroauricular areas.  Modified (Langley et al., 2017b). 
41 
 
based on five characteristics, excluding the retroauricular area which they did not find 
accurate (Buckberry and Chamberlain, 2002). Nevertheless, the age ranges that correspond 
to the seven stages assigned according to the composite score are unacceptably wide. 
Moreover, some of the descriptions are difficult to follow (Márquez-Grant, 2015). Studies 
that followed their approach reported rather inconsistent results (e.g. (Mulhern and Jones, 
2005; Falys et al., 2006)).  
 
Acetabulum 
The hip joint is a synovial ball-and-socket joint. The articular surface of the 
acetabulum is called the lunate surface, which is covered by articular cartilage. The non-
articular area, the acetabular fossa (Figure 12), is filled with fibroelastic fat covered by 
synovial membrane. The fibrocartilaginous rim that is attached to the acetabular margin is 
called the acetabular labrum (Standring, 2016; Ward, 2016). Unlike the other joints on the 
os coxae, the mobility of the hip joint is considerable (Standring, 2016).  
The surface of the acetabulum is relatively protected (Calce and Rogers, 2011), thus 




The acetabulum is also subjected to degeneration, which positively correlates with 
age, but is undoubtedly the youngest age indicator, at least among the pelvic joints. It was 
introduced for the first time in 2004 (Rougé-Maillart et al., 2004). Since then, researchers 
have become interested in this anatomical part in relation to age estimation. Recently 
acetabulum has received increased attention (e.g. (Rissech et al., 2006, 2007, 2019; Rougé-
Maillart et al., 2007, 2009; Calce, 2012; San-Millán et al., 2017)); however, the literature is 
not yet as comprehensive as for other skeletal indicators. Rissech and colleagues proposed 
a component-based approach using Bayesian inference, which is based on seven variables 
(chosen based on previous observations); each of them is scored separately (Rissech et al., 
2006, 2007). To make the method better applicable for users, the computer program 
IDADE was developed. The reported difference between actual and estimated age was 
± 10 years for almost 90% of individuals. A validation study (Calce and Rogers, 2011) 
pointed out that the accuracy of the Rissech method depends on the geographical distance 
Figure 12. Acetabulum - key areas of age-related surface changes used in methods of adult age-
at-death assessment on the example of right os coxae. Photo by Kotěrová A. 
Acetabular rim 
  











of the tested population from the reference population. The method of Rissech et al. was 
modified by Calce (2012), who proposed a simplified version with an extended application 
for females (Calce, 2012). Calce scores only three characteristics based on which 
individuals are assigned into one of the three broad age groups. However, the simplified 
approach had significantly worse accuracy than was declared by the original study (81%). 
Navega and colleagues, for instance, reported only 60% of correctly assigned individuals 
(Navega et al., 2018b) and Mays correctly assessed only 45% of examined individuals 
(Mays, 2014). This failure is attributed to the differences between the reference and test 
files (Mays, 2014; Navega et al., 2018b). Rougé-Maillart and colleagues combined the 
auricular surface (four traits) and the acetabulum (three traits), and developed a composite-
based system (Rougé-Maillart et al., 2007, 2009).  
Generally, the above-mentioned methods usually performed worse in other 
references samples (than in the ones used for developing the particular method). 
In 2016, San-Millán and colleagues revised the Rissech method (2006) and 
redefined three of the seven variables (San-Millán et al., 2017). To date, this revised 
method has been applied and evaluated on another population sample only once, and by 
the same author’s team (San-Millán et al., 2019). The authors confirmed the applicability 
of the revised method in different population samples and reached significantly higher 
accuracy than with the original method of Rissech (2006). 
According to these studies, acetabulum is a promising indicator for estimating the 
age of adults, especially individuals over 60 years of age. However, researchers should be 
aware of the geographical distance between the reference and tested populations. 
 
The most popular and best-known methods of age-at-death estimation based on 
pelvic joints are summarized in Table 4 based on their references in recent (published since 
























Pubic symphysis                 
McKern and Stewart, 
1957 
Yes Yes Mentioned Yes Yes Yes Mentioned 
3 components; 
male 
Gilbert and McKern, 
1973 
Yes Yes Mentioned Yes Yes Yes Mentioned 
3 components; 
female 
Brooks and Suchey, 1990 Yes Yes Yes Yes Yes Yes Yes 6 phases 
Hartnett, 2010 Mentioned No Mentioned Yes Mentioned Yes Yes 7 phases 




Not published Not published No No Yes Yes 
Computational 
approach 
Auricular surface                 
Lovejoy et al., 1985 Yes Yes Yes Yes Yes Yes Yes 8 phases 
Buckberry and 
Chamberlain, 2002 
Yes Yes Mentioned Yes Yes Yes Yes 6 components 
Osborne et al. 2004 Yes Yes Mentioned Yes Yes Yes Mentioned 6 phases 
Acetabulum                 
Rougé-Maillart et al., 
2004, 2006, 2009 







Table 4. An overview of age-at-death methods using joints of os coxae (pubic symphysis, auricular surface, acetabular surface) according to their 











































Acetabulum                 
Rissech et al. 
2006, 2007 
No Yes No Yes Yes Yes Yes 7 components 
Calce, 2012 No Yes No Yes Yes Yes No 
Evaluation of 
3 variables 
into 3 age 
categories 








Table 4. Continued. 
Mentioned – methods are not described in detail, only reference is given 





Traditional anthropological methods based on the evaluation of gross morphology 
seem to be less accurate and reliable in comparison to certain biochemical methods (Ritz-
Timme et al., 2000; Adserias-Garriga and Zapico, 2018). They are, however, much more 
accessible and cheap for the vast majority of researchers, institutions and universities. 
Morphological methods generally underestimate older individuals and overestimate 
younger individuals. Especially the age estimation of the eldery is very inaccurate, ending 
with an the open-ended intervals (Milner et al., 2018).  
However, articulation surfaces of os coxae show differences in aging patterns, 
offering their chronological combination as age indicators without neglecting their 
biological ability to reflect age-related changes. The pubic symphysis shows surface 
changes correlated to chronological age up to approximately 40 years; the acetabulum 
presents age-related changes in even older individuals (over 60 years), and the auricular 
surface of the ilium shows the changes approximately between the aforementioned 
indicators. All are located very close to each other, on one skeletal element, os coxae. 
Nevertheless, the choice of skeletal indicators and methods is always determined by 
the nature of the remains to be examined, by their preservation and by the particular 
situation, e.g. their importance when it is a forensic case. The best possible approach is to 
assess the skeleton as a whole 
3.2. Effects of external factors on skeletal senescence changes 
One of the main reasons why there is no strict linear relationship between 
chronological and biological age is that bone degeneration used to be influenced by many 
different factors (internal and external) with a highly variable rate. These factors may 
affect age-at-death estimation since they manifest as non-age-related degenerative changes. 
Adult individuals are more affected by external factors than juveniles because they are 
exposed to them for a longer time (Christensen et al., 2014b). Unfortunately, the variability 
in age-progressive changes is found not only at the level of individuals within the same 
population, but also among different populations (Ferembach et al., 1980; Mays, 2015). 
Given that, two individuals of the same age may show completely different morphological 
changes. It is due to different activity levels, habits, lifestyle, etc. within and among 
populations (Langley et al., 2017). 
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The external factors have an effect on the processes of bony surface degeneration 
due to bone plasticity. Therefore, factors like physical activity, body mass, body size, 
pathological condition (e.g. osteoarthritis), occupation or obesity (e.g. (Cunha et al., 2009; 
Merritt, 2015, 2017a; Wescott and Drew, 2015; Calce et al., 2018a; b)) could have 
considerable impact on the senescence rate and represent a source of variability. Mays 
even states that most variation (60%) in skeletal indicators used for adult age estimation is 
caused by factors other than age (Mays, 2015).  
 
Joint diseases 
A pathological condition is one of the factors that influences the degenerative 
changes and so may have an effect on the age estimation methods. Bone morphology could 
be affected by different pathologies. Some of them can be easily detected; some may cause 
only slight changes, potentially interchangeable with normal aging patterns (Rissech et al., 
2004, 2018).  
 Recently, attention has been paid to the effect of joint disease osteoarthritis (OA) on 
age-at-death estimation, particularly in weight-bearing joints (Calce et al., 2018a; b; 
Winburn and Stock, 2019). Along with osteoporosis, they are often present in advanced-
age individuals (Adserias-Garriga and Wilson-Taylor, 2019). OA is a progressive, 
degenerative disease which is accompanied at the beginning by the degradation of articular 
cartilage and later possibly followed by bone-on-bone contact, which can induce reactive 
bone formation (Loeser, 2010; Galasso et al., 2012; Mobasheri and Batt, 2016). 
Development of osteophytes is often considered as a form of degenerative bone change, 
thus as one of the indicators of the aging process. Osteophyte presence is just one of the 
features that makes OA recognizable (Rogers et al., 1990; Van der Kraan and van den 
Berg, 2007). In the case of the pelvic bone, it is used in several methods (Rissech et al., 
2006; Rougé-Maillart et al., 2009; Calce and Rogers, 2011; Calce, 2012).  
The fact that osteoarthritis is one of the most common joint diseases in today's 
world (Arden and Nevitt, 2006) with considerably underestimated (Jafarzadeh and Felson, 
2018), yet growing prevalence (Arden and Nevitt, 2006; Jafarzadeh and Felson, 2018), it 
should not be overlooked. Further increase in its incidence can be expected in the future 
and there are valid concerns about whether OA can affect current age estimation methods 
based on the articulation surfaces of the pelvic bone (Calce et al., 2018a). The study of 
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Calce and colleagues revealed, firstly, that OA does affect the accuracy of age estimation 
for each of the three os coxae joint surfaces, with most noticeable error in young 
individuals exhibiting signs of osteoarthritis (Calce et al., 2018b). Secondly, joints of the 
os coxae demonstrate a variable pace of arthritic progression, but all of them seems to be 
consistently older. 
The formation characteristic of OA is undoubtedly related to age, but its use for the 
aging of skeletal remains is very limited, since the etiology of OA itself  is multifactorial 
and the degree of variation is too high (Aykroyd et al., 1999; Garvin et al., 2012; Alves-
Cardoso and Assis, 2018). The use of OA occurrence is only recommended as 
supplementary information in an effort to estimate age-at-death (Aykroyd et al., 1999; 
Alves-Cardoso and Assis, 2018). 
Another pathological condition that may have some effect on age estimation is 
DISH (Diffuse Idiopathic Skeletal Hyperostosis). However, no significant effect of DISH 
with the use of the Rissech acetabular method (Rissech et al., 2006) was revealed (Mays, 
2012). However, these results must be viewed critically with respect to the very small 
sample of individuals with DISH, and further research is needed. 
There are many other pathologies that could influence bone morphology; for 
example, rheumatoid arthritis, juvenile chronic arthritis, ankylosing spondylitis, psoriatic 
arthritis, Reiter’s syndrome, and tuberculosis (Rissech et al., 2004). However, their 
influence on the morphology of age-related indicators of os coxae is also not very well 
explored. Only little influence of bone loss in the three skeletal indicators of os coxae was 
reported (Rissech et al., 2018). 
 
Obesity, body mass and body size 
Over the past few years, the increasing prevalence of obesity and its possible 
impact on age-related changes in the pelvic joints have been reflected in anthropological 
literature (e.g. (Merritt, 2015; Wescott and Drew, 2015; Winburn, 2018)). All three 
articular surfaces of os coxae, the pubic symphysis, the auricular surface and the 
acetabulum, participate in body mass transfer from the upper part of the body to the lower 
limbs. These weight-bearing joints are heavily loaded, and the joints of obese individuals 
are exposed to even greater biomechanical stress (Browning and Kram, 2007; Berenbaum 
and Sellam, 2008). Therefore, it is assumed that obese individuals, particularly younger 
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ones, will be overaged. Moreover, obese individuals exhibit biomechanical differences 
during locomotion (Ohtake, 2008; Sarkar et al., 2011). Thus, it is very probable that the 
rate of skeletal aging (joint degeneration) will be affected in obese individuals (in the sense 
that obese individuals will appear older). Indeed, these assumptions are consistent with the 
conclusions of a recent study of Wescott and Drew, where an over-age tendency was 
observed in obese individuals. The age estimation of iliac auricular surface is influenced by 
obesity more markedly, while the pubic symphysis seems more resistant (Wescott and 
Drew, 2015). The acetabulum was also found resistant to obesity effects (Winburn, 2018). 
Similar concerns (but with opposite effect – slower bone remodeling rate) were 
raised about small and light-weight (with low body mass) individuals, and consequently 
proved. Small individuals and those with low body mass have decelerated skeletal aging 
and appear to age slowly (Merritt, 2015; Campanacho, 2016). It is therefore appropriate to 
ask, especially in the forensic context, how obesity or body mass affects joint morphology, 
as well as if it affects the accuracy and reliability of aging methods (Merritt, 2015, 2017b). 
Taking these factors into account, the adjusting of reported age range should be considered 
(Wescott and Drew, 2015). Nevertheless, research using documented osteological 
collections is limited as to its information about the weight of individuals. Such 
information is usually very rare, if available at all. They are, for example, from the time of 
death and may not reflect the condition of the individual during life. 
 
Physical activity and occupation  
Apart from obesity and body mass, it could be intuitively assumed that physical 
activity will also affect the progression of age-related changes of os coxae joints. 
Therefore, more a physically demanding lifestyle, occupation or activity will correspond to 
a greater rate of joint degeneration and will be responsible for influencing skeletal age 
indicators. Nevertheless, only a few studies have addressed this issue (Campanacho et al., 
2012; Mays, 2012; Miranker, 2017; Winburn, 2018), but none of the studies on the pelvic 
bone joint indicators have confirmed the relationship between age and activity or 
occupation.  
The number of difficulties with occupation must be mentioned. The first issue 
concerns the record of the occupation being performed during life. Of the identified 
osteological collections, we usually only have information of the last occupation, but we 
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do not know how long it had been done (Mays, 2012). Moreover, occupation does not 
represent all the physical activities during an individual's life (Mays, 2012, 2015), so it is 
very difficult to distinguish among factors such as diet, nutrition, lifestyle and other 
external factors (Mays, 2015). 
3.3. Limitations to skeletal aging and new challenges 
Population specificity of aging methods 
Various groups of people across the world (individuals living in different 
geographical areas) are affected by internal and external factors to varying degrees. That 
may affect the rate at which the body naturally goes through a process known as ‘wear and 
tear’ and thus it may also affect  the manifestation of age-related changes observed on 
different parts of the skeleton (e.g. (Hoppa, 2000; Olze et al., 2004; Ubelaker, 2018b; 
Ubelaker and Khosrowshahi, 2019)). Therefore, it is not surprising that several studies on 
various population samples have confirmed that the methods they applied in their sample 
did not perform as well as stated by the original studies in their reference sample 
(e.g. (Schmitt et al., 2002; Schmitt, 2004; Bassed et al., 2011; Buk et al., 2012; Mays, 
2014; Jooste et al., 2016; Navega et al., 2018b)). Information about the population 
variability of aging rates are, however, inconsistent, since no differences were revealed  in 
some studies (Sakaue, 2006; Kimmerle et al., 2008). 
While we often hear about population-specific aging rates and the need to develop 
population-specific aging methods, there is also great intra-population specificity. The 
question is whether it makes sense to continue in developing population-specific (or group-
specific) methods when there is so much variability within populations (groups) 
themselves. This is maybe the case when it would make sense to develop methods based 
on the analysis of age-related changes in restricted ecogeographical areas (Kim, 2016), or 
in a large multi-population (group) sample, as was done by, for example, Schmitt (2002), 
which would cover much more variability of aging processes. The former could be 
explained as a group of people (aggregates) who cover a range of variability that is 
influenced by the specific region or geographical location they share (Franklin and Flavel, 
2019). Such an approach was used for age-at-death estimation proposed by Kim in her 
dissertation thesis on a pooled Asian sample which outperformed specific models (Kim, 
2016). On a similar basis with the use of a pooled sample from a specific geographical 
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area, an approach to estimate stature using the tibia was developed. A multi-population 
sample consisting of populations from four continents was used, for example, by Schmitt 
(Schmitt, 2001; Schmitt et al., 2002). In both aforementioned cases, data were evaluated 
visually. Approaches based on more populations or groups from a specific area are more 
robust than single population-based approaches. In this era of globalization (Spradley et 
al., 2008; L´Abbé and Steyn, 2012) when uncertainty about the origin of skeletal remains 
increases significantly, these approaches would be particularly appropriate.  
The idea of proposing aging methods based on multi-population data or data pooled 
from specific geographical regions is quite new and more research is required.  
 
Methodological limitation – single or multiple skeletal indicators 
For a very long time, there was a fixed idea that a single indicator could capture the 
entire adult period of human life. To this day, we have plenty of single-indicator methods 
that try to capture age-related changes of the particular skeletal indicator from the point of 
an individual reaching maturity to the end of his life (e.g. (Brooks and Suchey, 1990; 
Buckberry and Chamberlain, 2002; Rissech et al., 2006)). However, accurate and reliable 
age estimation with single-indicator methods is not possible. It is very slowly being 
accepted, and the original idea abandoned, that various indicators are more suitable and 
contribute to age estimation the most in different periods of human life (e.g. (Martrille et 
al., 2007; Milner and Boldsen, 2012a; Adserias-Garriga and Wilson-Taylor, 2019)). This 
fact was emphasized in Chapter 3.1. for the pelvic bone articulation areas. 
Interestingly, the idea of multifactorial or complex age estimation is not entirely 
new. Nonetheless, the Complex method of Acsádi and Nemeskéri suppose equal 
informative potential of all involved indicators (Acsádi and Nemeskéri, 1970). Some 
authors argue that using more varied anatomical structures (multifactorial approach) at the 
same time, combined and statistically evaluated into one estimate will bring more accurate 
results (e.g. (Lovejoy et al., 1985a; Bedford et al., 1993; Baccino et al., 1999; Anderson et 
al., 2010)), because different indicators can provide a more balanced age estimate. Others 
prefer using many different aging methods whose results they combine into wide ranges 
(Falys and Lewis, 2011; Garvin and Passalacqua, 2012). For a long time, there has not 
been consensus on how to combine multiple indicators to obtain a single estimate with 
reasonable (not too wide) confidence intervals, as well as which methods should be 
52 
 
employed (Franklin, 2010; Garvin et al., 2012; Milner and Boldsen, 2012b). The 
approaches using as many skeletal and dental indicators as possible to achieve the highest 
accuracy are currently recommended by some researchers (e.g. (Cunha et al., 2009; 
Ubelaker, 2018b; Adserias-Garriga and Wilson-Taylor, 2019)). However, even though 
these methods could be statistically robust, they often perform comparably with single-
indicator methods (e.g. (Saunders et al., 1992; Schmitt et al., 2002; Bethard, 2005; 
Martrille et al., 2007)).  
 
Methodological limitations – statistics 
Statistical calculations used to estimate age-at-death can be a great source of bias, 
so they are often criticized. If we skip the very first methods (Todd, 1920; Lovejoy et al., 
1985b), most aging procedures are based on linear regression that is used to correlate 
chronological age and the morphological score of the indicator (e.g. (Katz and Suchey, 
1986; Buckberry and Chamberlain, 2002; Falys and Prangle, 2015)). In the regression-
based models, an equation of regression line is used to get the predicted ages (Aykroyd et 
al., 1999). The main problem is that they assume a linear relationship between 
morphological traits and the chronological age which is not confirmed (Schmitt et al., 
2002). These approaches tend to overestimate the age of the young and underestimate that 
of the old (Aykroyd et al., 1999), a problem also known as ‘attraction to the middle’ 
(Masset, 1990). The biased estimates may be one of the reasons why we have a low 
number of older individuals in archaeological populations (Konigsberg and Frankenberg, 
1992). We simply do not yet have methods to detect them properly. 
The use of linear regression is also burdened with a phenomenon called ‘age 
mimicry’, first highlighted by Bocquet-Appel and Masset (Bocquet-Appel and Masset, 
1982), where age estimate distribution of the test sample was contaminated (biased) by the 
age distribution of the reference sample on which the method was developed (Konigsberg 
and Frankenberg, 1992; Boldsen et al., 2002).  
The current situation with adult aging techniques has resulted in broad overlapping 
or open-ended age intervals, for which they are often criticized (e.g. (Brooks and Suchey, 
1990; Boldsen et al., 2002; Buckberry and Chamberlain, 2002)). Several researchers have 
stated that accurate estimation is possible only into three wide age intervals (e.g. (Schmitt 
et al., 2002; Buk et al., 2012; Calce, 2012; Adserias-Garriga and Wilson-Taylor, 2019)); 
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for example, less than 30, 30–60, 60 years and more (Buk et al., 2012); 20–34 years, 35–45 
years, and 46+ years (Falys and Lewis, 2011); or, for instance, up to 40 years, 40–65 years, 
and over 65 years (Adserias-Garriga and Wilson-Taylor, 2019). It is better to place an 
individual within a wide age range than try to fit him incorrectly into narrower intervals. 
On the other hand, wide intervals are not very helpful in narrowing the range of possible 
matches, especially in medico-legal identification. However, even the three broad age 
ranges do not guarantee more accurate age estimates, as shown by some studies validating 
the method of Calce from 2012 (Mays, 2014; Navega et al., 2018b). The original efforts to 
estimate the age of adults within ten-year or even five-year age intervals (Lovejoy et al., 
1985b) often led to very inaccurate age estimates; for example, only 33% of correctly aged 
individuals (Osborne et al., 2004). This was also recently confirmed by Buk and co-
workers (2012). Soon it was found that it is not realizable because the variability of the 
aging process does not allow it and the error is too high.  
As the regression-based models have been shown to be inappropriate for such 
complex processes as skeletal aging (Lucy et al., 1996; Schmitt et al., 2002; Miranker, 
2016), the application of probabilistic approaches seems much more appropriate and 
promising. The Bayesian approach, in contrast to regression-based approaches, reduces the 
systematic error as well as the trend of under- and over-aging; it is less sensitive to the 
effect of age mimicry and provides better age estimates (closer to the actual age) and 
smaller confidence intervals. Given that fact, this approach of converting age indicators 
into age estimates has received much attention (Lucy et al., 1996; Aykroyd et al., 1999; 
Boldsen et al., 2002; Schmitt et al., 2002; Digangi et al., 2009; Buk et al., 2012; 
Brennaman et al., 2017; Kotěrová et al., 2018a), especially in response to the Rostock 
manifesto (Hoppa and Vaupel, 2002). The manifesto is the theoretical framework resulting 
from the paleodemographic workshop in 1999, which aimed mainly to integrate new 
biostatistical approaches, i.e. the Bayesian approach, into paleodemographic analyses, and 
particularly to adult age-at-death estimation (Hoppa and Vaupel, 2002). These approaches 
also soon became reflected in forensic age-at-death estimation (e.g. (Schmitt et al., 2002; 
Rissech et al., 2006; Steadman et al., 2006; Konigsberg et al., 2009)). 
A possible solution of both the aforementioned points (statistical approaches and 
number of employed indicators) could be Boldsen’s multifactorial technique – Transition 
analysis (TA), whose development began in 1996 and was published a few years later 
(Boldsen et al., 2002; Milner and Boldsen, 2012b). Boldsen’s technique addresses several 
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problems accompanying age estimation and is considered as statistically appropriate 
approach (Jooste et al., 2016) that combines multiple indicators systematically. The 
approach combines three skeletal indicators (pubic symphysis, auricular surface and 
cranial sutures) that are scored with a component-based system. The Bayesian statistics 
along with the transition analysis, which computes the age of transition from one stage to 
another, is applied and all incorporated in the user-friendly ADBOU program. As an 
output, the researcher obtains a multifactorial likelihood estimate and a maximum 
likelihood estimate for individual skeletal structures with confidence intervals (Boldsen et 
al., 2002). The confidence intervals are ‘individualized’, which is preferred for single 
cases, because every skeletal remains shows a different degree of error (Boldsen et al., 
2002). Standardized age categories may be better in bioarchaeology since they enable 
better between-group comparison. 
A great advantage is that the TA method is applicable to fragmentary remains, thus, 
the scoring of all the features is not necessary, which is impossible with most phase and 
component methods. This approach could be applied to single cases as well as to 
archaeological samples. It uses archaeological and forensic prior probability functions. 
Furthermore, the TA should overcome age-mimicry, eliminate open-ended intervals and 
reduce the bias caused by different demographic profiles in the target and reference 
samples through the provision of informative prior. Nevertheless, the results of studies 
testing the validity of TA are inconsistent and ambiguous. Some studies affirmed that TA 
outperformed traditional single-indicator methods (Godde and Hens, 2015); whereas some 
did not confirm these conclusions and did not find the results satisfactory (Milner and 
Boldsen, 2012b; Xanthopoulou et al., 2018). Thus the problem with under- or over-
estimation has not been resolved (Fojas et al., 2018; Hagelthorn et al., 2019). The TA 
method also performed differently among populations and sexes (Hagelthorn et al., 2019). 
Especially in the case of individual age estimates, the method performed worse than when 
the aim was to capture a general age-at-death distribution of a population (Milner and 
Boldsen, 2012b). The developers of the method admitted that TA did not outperform 
experience-based assessment (Milner and Boldsen, 2012b). On the other hand, Fojas and 
colleagues declared that the majority of actual ages fell within the confidence intervals 
(Fojas et al., 2018). Moreover, TA better captures older individuals of the population, who 
are mostly overlooked by traditional methods (Bullock et al., 2013). TA is used among 
researchers, though not widely (Falys and Lewis, 2011; Garvin and Passalacqua, 2012). 
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One of the reasons why it does not perform better could be the limitation of the skeletal 
indicators used in the analysis (Milner and Boldsen, 2012b). A new version of ADBOU, 
utilizing many more skeletal indicators is being prepared (pers. comm. Boldsen and Milner 
at workshop AAPA, Cleveland, 2019). 
Very recently, Nikita and Nikitas (2019) proposed two techniques for regression 
analysis to take into account the demographic profile. They found that under certain 
conditions, these techniques outperform the Bayesian approach (Nikita and Nikitas, 2019). 
Apart from this approach, more attention has been paid to the statistics that are being 
applied to age estimation in the last few years. The focus of researchers was shifted to 
sophisticated data mining methods, namely, artificial neural networks, decision trees, 
nearest neighbours, the Sugeno Fuzzy integral and other computational intelligence 
methods (e.g. (Anderson et al., 2010; Buk et al., 2012; Martins et al., 2012; Navega et al., 
2018a)). These advanced statistical approaches also penetrate other aspects of the 
biological profile, such as sex estimation (Santos et al., 2014; Navega et al., 2015b; 
Langley et al., 2018), and ancestry assessment (Hefner et al., 2014; Navega et al., 2015a; 
Scott et al., 2016). 
 
Conclusion 
As the previous text suggests, many small steps towards increasing the accuracy 
and reliability of age estimation methods have already been taken, but many are still 
waiting to be discovered.  
The use of single-indicator methods does not allow accurate and reliable estimation 
of age, as one indicator alone does not reflect the entire adult period of life. At the same 
time, the process of combining multiple indicators is not sufficiently standardized and 
these methods often result in even wider age intervals.  
The rate of degenerative changes can be influenced by various external, as well as 
internal factors, and ecogeographical origin. Therefore, it can vary among different groups 
of people, which should be taken into account when applying age estimation methods that 
are created from distant reference samples. In the future, attention should be paid to 
a better understanding the issue of population or group-specific rates of the aging process. 
Finally, very often it is the case that the methods show accurate results in the 
reference population (the population in which the methods were developed) but fail when 
they are applied to different populations, thus resulting in low reliability. Currently, it 
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seems that no matter which approaches are performed, all efforts for accurate estimates 
mostly end in wide age intervals, usually within three broad intervals; for example, less 
than 30, 30–60, and 60+ years. The use of Boldsen’s transition analysis (in its current 




4. AGE-AT-DEATH ESTIMATION: NEW APPROACHES AND 
INSIGHTS 
Given that there are increasingly higher standards of evidence required to be met in 
medico-legal cases, i.e. Daubert's requirements, researchers are pushed to produce more 
objective results. Thus, they have turned to imaging and scanning techniques, which have 
become more accessible through rapid technological advances. These promise, among 
many other things, the objectification of the evaluation of senescence changes for age-at-
death estimation. The first section (Chapter 4.1.) is briefly focused on the advantages of 
virtual anthropology and shows the differences among the 3D models obtained through 
surface scanners and computed tomography. Finally, it presents examples of the use of 
virtual anthropology in the estimation of biological profiles. As age-at-death estimation is 
the main objective of this thesis, the next part is specifically devoted to the age-related 
changes taking place on the os coxae assessed in the virtual environment (Chapter 4.2.). 
The last section (Chapter 4.3.), which concludes the theoretical part, focuses on the 
quantitative analysis of age changes in the joint surface.  
4.1. Imaging technologies: The rise of virtual anthropology   
Medical imaging technologies (computed tomography, ultrasonography, magnetic 
resonance imaging, radiography) and surface scanning technologies give anthropology 
a whole new dimension and in many ways offer advantages that are of great benefit. First 
of all, there is the possibility of creating and archiving digital copies of human remains that 
can be preserved even if the actual template no longer exists. These 3D copies, whether 
with internal structure (from computed tomography) or surface models only, can then be 
easily transferred and shared among research institutions, which makes it possible to create 
large databases. In addition, digital skeletal collections allow for manipulation in a virtual 
environment, reducing the need to work with physical remains. Recently, 3D printing 
technologies for exhibiting or teaching purposes have been on the rise (e.g. (Friess, 2012; 
Klein et al., 2014; Cantín et al., 2015; Viggiano et al., 2015; Errickson, 2017; Guydish and 
Henson, 2017; Seguchi et al., 2019)). Finally, completely new analyses can be applied to 
the 3D records of human remains, enabling better monitoring of shape and morphological 
changes (e.g. (Villa et al., 2015a; Musilová et al., 2019)). These analytical approaches 
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(e.g geometric morphometrics) open up a new perspective on biological profile estimation 
that cannot be provided by traditional visual or metric approaches performed on dry bones. 
One of the main advantages is the possible limitation or complete reduction of subjectivity 
that now burden conventional methods. 
With the advent and adaptation of imaging methods for anthropology, researchers 
primarily employed computed tomography (CT) to visualize the desired skeletal structure 
in order to estimate the biological profile. 3D reconstructions based on CT are beneficial 
not only because they can be collected from recent populations (Ramsthaler et al., 2010; 
Colman et al., 2019), but also because they give non-invasive insight into the internal 
structures. Later, studies using surface scanners, whether based on laser or structured light 
technology, began to be integrated. They are much more affordable compared to CT, and 
do not involve any radiation or the need for a highly professional operator; in many cases 
they are easily portable and, last but not least, they also enable the recording of texture 
(e.g. (Friess, 2012; Kuzminsky and Gardiner, 2012; Seguchi and Dudzik, 2019)). However, 
it might be time-consuming to create 3D surface images for beginners and it requires some 
training (Seguchi et al., 2019). The surface scanner in many cases can provide more 
detailed information of surface, especially when compared to the CT-based model acquired 
from living people, where the resolution is lower due to the radiation dose, which must be 
kept to a minimum. 
The virtual representations of human skeletal remains since then have proved to be 
useful and able to replace dry bones in biological profile analyses. They are, for example, 
commonly used for morphological or metric assessment of the individual’s sex (Dedouit et 
al., 2007; Grabherr et al., 2009; Ramsthaler et al., 2010; Decker et al., 2011; Chapman et 
al., 2014; Mesteková et al., 2015), with generally positive results supporting the integration 
of virtual models into anthropological practice. However, caution is needed since not all 
sexing methods can be applied to virtual models (Colman et al., 2019). The consistency 
between the dimensions measured from dry and virtual bones has been established several 
times (Citardi et al., 2001; Verhoff et al., 2008; Corron et al., 2017), although some authors 
admitted small differences (Dedouit et al., 2007; Mullins and Albanese, 2017; Kotěrová et 
al., 2019). However, the important point is whether these differences have a significant 
effect on further analyses as biological profile estimation. Apart from the sex assessment 
analyses in the virtual environment, analyses of ancestry assessment or population 
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differences (e.g. (Cavaignac et al., 2017; Murphy and Garvin, 2018; Musilová et al., 2019)) 
are also performed. 
4.2. The use of 3D models for age-at-death estimation  
Virtual replicas of different skeletal anatomical structures reconstructed from 
a sequence of computed tomography images or acquired by 3D surface scanners could be 
used for age estimation in different ways. The extent of their use ranges from the basic 
applications (such as conventional visual methods derived from dry bones to their virtual 
replicas), through metric variables and characteristics of internal structures, to more 
sophisticated approaches based on mathematical quantification of joint surface changes. 
The following overview is specialized in 3D models of os coxae. 
 
Combining traditional methods with 3D data  
The very first and simplest experiments on estimating age applied traditional visual 
methods, originally developed on dry bones, to 3D models of the pelvic bone (e.g. (Telmon 
et al., 2005; Barrier et al., 2009; Biwasaka et al., 2013; Villa et al., 2013a; Merritt, 2018a; 
b; Hisham et al., 2019; Pattamapaspong et al., 2019)). Many studies assessed the reliability 
of CT reconstructed models for age estimation and recognized that the methods they tested, 
could not be fully applied to 3D CT models, because some features were scored with 
difficulty or improperly, and some could not be scored at all. Such features most often 
include: (micro)porosity, bone weight, surface texture and transverse organization (Barrier 
et al., 2009; Villa et al., 2013a; Merritt, 2018b; a; Pattamapaspong et al., 2019). Among the 
publications using CT technology, only few researchers reported excellent results of 
method performance (e.g. (Telmon et al., 2005; Hisham et al., 2019)). Some authors 
suggest modifying the existing macroscopic methods to make them more transferable to 
3D reconstructions (Merritt, 2018a; b). 
Villa and colleagues and Biwasaka and colleagues were the first (to my knowledge) 
who applied existing aging methods on 3D models acquired by laser scanner (Biwasaka et 
al., 2013; Villa et al., 2013a). Both of them obtained significantly better resolution than 
from the CT scanner, which made the morphological features easier to see. On the other 
hand porosity and pitting were still difficult to distinguish, if at all, and therefore could not 
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be evaluated. Nevertheless, even with laser scanners, the results of applying visual 
methods to 3D models are inconsistent, or depend on the method. Biwasaka reported no 
discrepancies in assigning the pubic symphysis phase (Biwasaka et al., 2013), which is in 
concordance with the results of Villa for the same articular area and method used (Villa et 
al., 2013a). On the contrary, this is not true for the auricular area and the Buckberry and 
Chamberlain method (2002), for which modifications are recommended if it is to be 
applied to virtual material (Villa et al., 2013a).  
 In conclusion, the traditional methods were developed on dry bones through their 
direct examination and thus work the best with them. However, virtual models can provide 
a useful substitute for dry bones when they, for instance, are not available. It must also be 
noted that even in the virtual environment, traditional methods are still burdened with 
subjectivity. 
 
Linear measurement and internal bone structure 
Given that CT data contain information about internal structures, they can be used 
and studied in relation to the aging process when bone destruction is not needed. The 
virtual environment enables the measuring of different structures and variables (i.e. 
morphometric analyses), for example, on CT scan sections (e.g. (Dedouit et al., 2007; 
Ferrant et al., 2009; Chiba et al., 2014)). Some authors directly assess the internal structure 
of bone (Barrier et al., 2009; Grabherr et al., 2009; Villa et al., 2013b; López-Alcaraz et al., 
2015). The internal structure can also be assessed through densitometry (DXA = dual-
energy x-ray absorptiometry). Aging techniques are based on the fact that bone mineral 
density (BMD) naturally decreases with age, resulting in a correlating relationship 
(e.g. (Navega et al., 2018a; Botha et al., 2019; Dubourg et al., 2019)). These approaches 
could partially remove the subjectivity mentioned in the previous point. Generally, the 
results indicate that these approaches could be useful for age estimation; however, further 






Lastly, some attempts to estimate age accurately and reliably have shifted towards 
computational methods using surface changes analyses that are enabled with the use of 
geometric morphometry and other advanced mathematical approaches (e.g. (Biwasaka et 
al., 2013, 2019; Villa et al., 2015a; Stoyanova et al., 2017)). Very recently, the 
homologous modeling method with use of Principal component analysis has been 
performed on CT data of the whole os coxae  to explain age-dependent morphological 
changes (Biwasaka et al., 2019). However, accurate results were not obtained when applied 
to an unknown sample. Nevertheless, other approaches focused mainly on surface 
curvature analyses of the given joint area and the surrounding area (Biwasaka et al., 2013; 
Slice and Algee-Hewitt, 2015; Stoyanova et al., 2015, 2017; Villa et al., 2015a). For that 
purpose, they used affordable surface scanners and reached promising results. Therefore, 
the use of surface scanners for the quantitative analysis of the articular surfaces of os coxae 
is the subject of the next chapter. 
4.3. Surface scanners: A tool for quantitative analyses of surface changes 
After engaging medical imaging techniques in anthropology, surface scanners soon 
became popular, offering many advantages over, for example, CT (mentioned above). The 
first attempts to quantify the morphological changes of joint surface in order to estimate 
age focused on the articulation surfaces of os coxae, mainly on the pubic symphysis and 
then on the auricular surface of ilium. They were based on curvature analysis performed on 
3D models acquired by laser scanners (Biwasaka et al., 2013; Villa et al., 2015a). In the 
study of Biwasaka and colleagues, mean curvatures of every 5 mm
2
 were calculated and, 
based on them, concave and convex maps were created. The results showed that curvature 
analysis distinguished the first two phases of the Suchey-Brooks method (1990): the mean 
surface curvature correlated with the actual age in both sexes, but later phases could not be 
discerned.  
The curvature analysis of Villa, which included mean curvature, the lowest and 
highest 10% of the curvature values and the percent of convex and flat surface, was 
extended to the auricular surface of os coxae (Villa et al., 2015a). The algorithms were first 
applied to bone casts (for the Suchey-Brooks and the Buckberry and Chamberlain 
methods), where they showed higher correlations with age than when applied and tested on 
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pelvic bones from skeletal collections. Although these two pilot studies have not produced 
ground-breaking results and have failed to increase the accuracy and reliability of the age 
estimation, they are a very good basis for future research towards the objectification of 
age-at-death estimation. 
At present, the most recent attempt to quantify age changes of the pelvic joint 
surfaces is the approach of Slice and Algee-Hewitt and Stoyanova and colleagues (Slice 
and Algee-Hewitt, 2015; Stoyanova et al., 2015, 2017). Together, these teams proposed a 
fully quantitative method for age estimation from the pubic symphyseal surface of male 
individuals from white North American populations. The proposed shape analysis method 
is based on two regression models that capture surface flatness. They are TPS/BE (Thin 
plate splines/Bending energy) proposed in Stoyanova et al. (2015) and SAH-score 
proposed by Slice and Algee-Hewitt (2015). One model (VC) measures the shape of the 
ventral margin of the pubic symphyseal surface (Stoyanova et al., 2017) and two 
multivariate models combine the previous ones (SAH+VC and TPS/BE+VC). The results 
were expressed as RMSE values (ranging between 13.68 and 16.55 years), bias (−1.82 and 
−2.73 years) and inaccuracy (10.79 and 12.86 years). These results are more or less 
comparable to traditional visual methods (e.g. (Brooks and Suchey, 1990)), suggesting this 
might be the right direction for research. All these models are incorporated into the free 
user-friendly ‘forAGE’ software, allowing other practitioners to test the new approach and 
compare their results.  
 
Conclusion 
The penetration of new technologies (e.g. medical imaging techniques and surface 
scanning technologies) into anthropology is undoubtedly of enormous importance, not only 
for methods of estimating biological profiles. In the case of age-at-death estimation, they 
help with the objectification of data collection and evaluation of senescence manifestation. 
For example, we encounter the possibility of monitoring age-related changes in internal 
structures without destroying the particular skeletal structure. Quantitative analyses of the 
articulation surface have become even more attractive, but these approaches are still in 
their infancy. Nevertheless, they are showing very encouraging results and we can hope 
that further research will improve them. 
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 The increasing interest in scanning technologies as they are implemented into daily 
anthropological practice (e.g. age-at-death estimation) raises questions about the 
comparability of outputs from various devices and their impact on subsequent biological 
profile analyses. Further research should exploit the potential of quantitative methods to 
assess surface changes in articular areas objectively by using sophisticated statistical 
approaches (as, for instance, the Bayesian approach, neural networks, decision trees, and 
random forests) to overcome the three aforementioned broad age intervals. Beyond that, 
research should focus on the involvement of various age indicators with regard to what 




Part II: Personal contribution to age-at-
death estimation methods 
5. THE AIMS OF THE RESEARCH 
The aims of this dissertation are based on the previous text and the state of the issue 
of adult age-at-death assessment.  
The research had several main objectives: 
 
1) Improving the evaluation of visually acquired data by applying sophisticated 
mathematical approaches  
The first aim is to apply various mathematical approaches to visually scored 
data in order to reach more accurate age estimation. We aim to divide the adult human 
lifespan into more than the three wide age ranges (less than 30 years, 30–60 and over 
60) proposed by Buk et al. (2012), which have been used so far to estimate age 
accurately and reliably at the same time. 
 
2) Evaluating the impact of various surface scanners on quantitative age-at-death 
assessment 
With the introduction of scanning technologies into anthropology and their 
incorporation into biological profile analyses, such as age estimation, it is necessary to 
know the limits of these technologies. While 3D scanners are increasingly used in 
workplaces equipped with various devices, their impact on further analyses has not yet 
been sufficiently explored. We aimed to investigate the comparability of 3D models 
acquired through different scanning technologies – laser and structured light. 
Moreover, we tested the influence of possible differences in captured surfaces on the 




3) Validating the aging method of Stoyanova et al. on non-American populations 
The method of Stoyanova and colleagues (2015, 2017) is the only approach that 
offers user-friendly software for the fully quantitative assessment of age-related surface 
changes. The aim was to validate the approach in different populations (the original 
method was derived from an American sample), to assess its performance and possible 
shortcomings, and to find solutions in the form of a proposal for our own approach. 
A prerequisite for such a study is the creation of a database of 3D models of pelvic 
bones based on a metapopulation sample of individuals of known age and sex. In such 
a dataset, the inter-population variability of senescence processes is considered, which 




6. MATERIALS AND METHODS 
6.1.  Materials 
6.1.1. A multi-population dataset of visually scored changes on the os coxae 
The dataset consists of visually-evaluated age-related changes to two traditionally 
used skeletal indicators, the pubic symphysis and the auricular surface of ilium. They were 
assessed according to the scoring system developed by Schmitt (Schmitt, 2001, 2005; 
Schmitt et al., 2002); a detailed description is shown in Table 5.  
 
Table 5. Summary table of the scoring system for the pubic symphysis and the sacro-pelvic surface 
of the ilium (Kotěrová et al., 2018a). 
Variables Scoring 
Score 1 Score 2 Score 3 Score 4 
Pubic symphysis 
(PUS) 


























Plain lipping - - 
Surface sacro-
pelvic  (SSPI) 


































The skeletal remains that were studied were the ossa coxae (n=941) of adult 
individuals of both sexes between 17 and 100 years. The remains originated from nine 
osteological collections, namely the Coimbra Identified Skeletal Collection CISC (Cunha 
and Wasterlain, 2007) from Portugal; the Simon Identified Skeletal Collection from 
Switzerland (Perreard Lopreno, 2007; Abegg and Desideri, 2018); the Spanish Collection 
(Schmitt, 2001); Euro-American and Afro-American samples from the Hamman-Todd 
Collection (Mensforth and Latimer, 1989); African samples (Afrikaner, Zulu, and Soto) 
from the Dart Collection (Dayal et al., 2009); and, lastly, the Chiang Mai Collection 
(Traithepchanapai et al., 2016) from Thailand. The detailed composition of the osteological 
collections, including the origin of each sample and the number of male and female 
individuals, is given in Table 6.  
The whole dataset was collected and kindly provided by Aurore Schmitt. 
 
Table 6. The composition of a multi-population dataset (Kotěrová et al., 2018a). 
Sample Ancestry Origin Collection Females Males Total 
Portugal Caucasian Europe Coimbra 85 74 159 
Switzerland Caucasian Europe Geneva 17 26 43 
Spain Caucasian Europe Madrid 34 33 67 
USA 1 Caucasian America Cleveland 73 69 142 
USA 2 Afroamerican America Cleveland 40 41 81 
Afrikaner
*
 Caucasian Africa Johannesburg 32 35 67 
Zulu
*
 African Africa Johannesburg 102 102 204 
Soto
*
 African Africa Johannesburg 44 33 77 
Thailand Asian Asia Chang-Mai 45 56 101 




6.1.2. Czech medieval sample of 3D models of the ossa coxae 
Part of our research was also to compare the outputs from various scanning devices 
and find out if any differences in surface capture affect the estimation of the biological 
profile. As all the necessary scanners could not be transported to the osteological 
collections described above, we selected a small sample of pelvic bones of the medieval 
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population that could be scanned by the selected devices in two cities in the Czech 
Republic (Prague, Pilsen).  
The skeletal sample represents a medieval population from the cemetery of the 




 century AD) in South Moravia 
(Poláček, 2008). It consists of the well-preserved ossa coxae of adult individuals (n=29), 
some of which are represented by both pelvic bones. The age and sex of the individuals are 
not known, but this is not necessary for our purposes, since the aim was to compare the 
resulting estimates and not to verify the actual age and sex. 
 
6.1.3. Multi-population dataset of the 3D digital joint surfaces of the ossa 
coxae 
During the years 2016–2019, a large dataset of 1268 surface models of adult ossa 
coxae was created. This dataset consists of four European identified skeletal collections 
and one Asian collection. All of them are described below. The skeletal remains of adult 
(17–101 years) males and females were selected for digitization. The ossa coxae with 
obvious pathological changes were excluded. The left-sided ossa coxae were preferred; 
however, the right-sided were included as well in order to be able to evaluate the 
asymmetry in the aging process and to increase the biological variability. When both ossa 
coxae of the same individual were available for the particular analysis, they were treated 
independently. Table 7 shows the composition of each osteological collection, including 
the numbers of the left and right-sided ossa coxae (n1) and the numbers of individuals 
from which at least one os coxae was digitized (n2), mean age and median of age for each 
sex separately and together. 
 
The Coimbra Identified Skeletal Collection (CISC) 
The CISC (hereinafter Coimbra 1) is stored at the University of Coimbra, Portugal, 
and consists of 505 individuals of which 45 are juveniles. The collection was put together 
by Professor Tamagnini and is made up of skeletons from the main Coimbra cemetery. The 




 centuries; they were born 
between 1817–1924 and died between 1904 and 1938 (Cunha and Wasterlain, 2007).  
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Century Identified Skeletal Collection (CEI/XXI)  
This is a modern still-growing collection (hereinafter Coimbra 2) comprising of 
unclaimed skeletons from the cemetery, also stored at the University of Coimbra. This 




 centuries. At 
the time of studying the collection (autumn 2016), all the individuals had died between 
1995 and 2009. At that time, the collection contained around 250 individuals (Ferreira et 
al., 2014). 
A total of 235 ossa coxae of 132 individuals were scanned in 2016 as well. 
  
The Heraklion collection 
The Heraklion collection is housed at the facilities of the Forensic Pathology 
Division of the Hellenic Ministry of Justice and Human Rights in Crete, Greece. This 
collection consists of skeletal material from Cretan cemeteries in Heraklion and is 





centuries; they were born between 1867 and 1956 and died between 1968 and 1998 
(Kranioti et al., 2008; Kranioti and Michalodimitrakis, 2009). 
A total of 202 ossa coxae were recorded from the Heraklion collection representing 
99 individuals. Unfortunately, the actual age-at-death for sixteen individuals is not known 
from this sample, so they could not be used for age assessment in age-at-death estimation 
studies. Future use of these skeletal remains is not excluded, for example, for sex 
estimation. Eventually, a total of 170 bones (88 individuals) could be used to estimate the 





The Simon Identified Skeletal Collection 
The Simon collection was gathered from cemeteries of the canton of Vaud and now 
is housed at the Laboratory of Prehistoric Archaeology and Anthropology of the University 
of Geneva, Switzerland. It comprises 495 individuals in total, who died between the late 
19
th
 century and the first half of the 20
th
 century (Perreard Lopreno, 2007; Abegg and 
Desideri, 2018).  
In total 277 ossa coxae representing 161 individuals were scanned. The Simon 
collection was digitized in 2018. 
 
The Khon Kaen University Collection (KKU) 
The KKU collection is stored at the Department of Anatomy, Faculty of Medicine 
of Khon Kaen University. The collection is comprised of donated bodies through the 
medical school’s body donation program, and is still growing. The program began in 1973 
and donations were made mostly between 1988 and 2016 (Techataweewan et al., 2017b; 
a). At the time of studying the collection (at the beginning of 2019), it numbered over 1000 
individuals, who had lived between 1908–1988 and died between 1988–2015. 


































Given the methodological nature of this dissertation, the methods used to fulfil the 
three main objectives of the thesis can be divided into three sections. The methods are 
provided only as an overview; a more detailed description is given in the attached 
publications. 
6.2.1. Data mining methods applied to visually assessed data 
Two independent research teams (Czech and Portuguese) used the dataset (n=941) 
of visually assessed and scored senescence changes on the pubic symphysis and the 
auricular surface of ilium. Together, they applied nine different mathematical approaches. 
The used calculations ranged from less complex to more advanced: the Collapsed 
regression model, Multi-linear regression, Interval-based model, K nearest neighbours 
(KNN), Artificial Neural Network (ANN), Decision tree (five classification trees and one 
  
Sex n 1 n 2 Mean age 1 Median 1 
Coimbra 1 
Male 148 77 45.03 45 
Female 137 71 49.82 50 
 
Total 285 148 47.33 47 
Coimbra 2 
Male 104 60 65.60 69.5 
Female 131 72 79.81 83 
 
Total 235 132 73.52 78 
Heraklion 
Male 83 43 69.05 71 
Female 87 45 72.23 74 
  Total 170 88 70.68 72 
Geneva 
Male 142 79 47.37 46 
Female 135 82 49.16 48 
 
Total 277 161 48.25 47 
Khon Kaen 
Male 175 136 48.83 47 
Female 126 99 54.51 54 
Coimbra 1 – The Coimbra Identified Skeletal Collection (CISC);  
Coimbra 2 – The 21st Century Identified Skeletal Collection (CEI/XXI). 




regression tree), M5 tree, and two Probabilistic models (NDE – No Dependence Estimator 
and AODE – Averaged One-Dependence Estimator). The detailed descriptions of all used 
models are provided in the study of Kotěrová et al. 2018a (Appendix A.2).  
The accuracy of individual models was expressed by Mean Absolute Error (MAE) 
and Root Mean Squared Error (RMSE), defined as (Willmott and Matsuura, 2005; Li and 
Shi, 2010): 
 
𝑀𝐴𝐸 =  
1
𝑛
















where n  is the sample size, yj  is the estimated age and ŷj  is the actual age.  
Moreover, the models were assessed based on whether they are user-friendly, 
i.e. according to their usability. The performance of classification trees was expressed as 
a percentage of correctly assigned individuals into specific age classes.  
6.2.2. Methods used to compare digitized surfaces and to assess the effect on 
age estimation 
First, the acquisition of 3D models of ossa coxae was required. The medieval 
sample (n=29) was scanned with two low-cost scanners, the NextEngine 3D scanner Ultra 
HD (hereinafter NextEngine) and the HP 3D Structured Light Scanner PRO S2 (hereinafter 
HP 3D SLS). Unlike the HP 3D SLS, which is based on structured light technology, the 
NextEngine is based on laser technology. In the case of the HP 3D SLS, during the 
scanning process (which was conducted under optimal conditions) the whole surface of os 
coxae was scanned several times from various angles. The scanning process was followed 
by post-processing and the creation of a final 3D model. All these steps were performed in 
the integrated software David LaserScanner v.3.10.4. Digitization with the NextEngine 
scanner was done under optimal condition as well. The entire surface of os coxae, which 
was fixed to the rotational device, was scanned and post-processed in the integrated 
environment of the ScanStudio HD software. All skeletal remains were scanned with 
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texture, which could be very helpful in the further processing of the 3D models. The final 
3D models from both scanners were then simplified to 3 million faces in order to enable 
easier manipulation with the 3D models. Only pubic symphyseal surfaces were required 
for further analyses; therefore, they were isolated from the rest of the bone in the MeshLab 
software (Cignoni et al., 2008). 
Additionally, physical casts of five pubic symphyseal surfaces were made and 
subsequently scanned with the Redlux Profiler, a highly accurate device (Figure 13). 
Creating the casts was a necessary step, due to the limited space capacity of the Redlux. 
The scanner consists of linear axes which carry the sensor, and rotary axes which carry the 
sample. The outputs of Redlux were utilized as reference surfaces for subsequent analyses 
(resulting surface comparison and age estimation). Data acquisition was provided by 
A. Kotěrová (HP 3D SLS), L. Friedl (NextEngine), and V. Králík (Redlux). 
 
 
To compare the resulting 3D surfaces from two low-cost scanners with the 
reference surfaces, the distribution of deviations was computed and graphically shown 
using colour-coded maps; the results were evaluated based on descriptive statistics (mean, 
standard deviation, median, and interquartile range).  
The age-at-death estimation was performed with the use of a recent quantitative 
method proposed by Stoyanova et al. (2015, 2017) in the software ‘forAGE’. This 
computational approach is based on five regression models: two describe the flatness of the 
pubic symphyseal surface (TPS/BE and SAH score), one characterizes the shape of the 
Figure 13. Left: Physical cast of symphyseal surface; Right: the Redlux Profiler during the 
scanning procedure. Photo by Králík Vlastimil. Modified (Kotěrová et al., 2019a). 
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ventral margin (VC) and the last two combine the previous features (TPS/BE+VC and 
SAH+VC). A paired t-test was applied to compare the results of the age estimation derived 
from two low-cost scanners; a paired one-sample t-test was performed to evaluate the 
differences within the estimations derived from the Redlux scanner and the two low-cost 
devices. More details can be found in the publication of Kotěrová et al. (2019) attached as 
Appendix A.3. 
6.2.3. Methodological approach used to validate the aging method of 
Stoyanova et al. (2015, 2017) 
A total of 96 virtual models of male ossa coxae from the European samples and 79 
virtual models from the Thai sample were selected from the large dataset of the virtual 
models described above (Chapter 6.3.). The selection was limited by several factors. The 
validated approach (Stoyanova et al., 2015, 2017) was designed with male individuals; 
therefore, the female individuals were not included in our test sample. Preferably the left-
sided ossa coxae with intact pubic symphyseal surfaces were used. Finally, the inferior 
preservation of this part of the pelvic bone and the generally low proportion of individuals 
under 40 years in the osteological collections did not allow more individuals to be included 
in the test sample. 
Digitization of all ossa coxae was performed with the surface scanner HP 3D 
Structured Light Scanner PRO S2 or with the newer version, the HP 3D Structured Light 
Scanner PRO S3 (previously known as the David SLS-2 or SLS-3 surface scanner). These 
two versions of scanners differ slightly only in camera resolution. In the case of the older 
version PRO S2, the manufacturer stated a resolution of 0.06 mm; the newer version had 
a resolution of ±0.05 mm. All skeletal samples, except for the one originating from the 
Khon Kaen collection, were digitized with the HP 3D Structured Light Scanner PRO S2. 
Only the Thai collection was scanned with the newer version of the scanner (Figure 14). 
All these steps were performed using the integrated software David LaserScanner v.3.10.4. 
or v.5.6.0. (HP 3D Scan Software Pro v5). The procedure of scanning with HP 3D SLS is 
described in the Methods section above. For the subsequent analyses, the articulation 
surfaces of the pubic symphysis were isolated using the MeshLab software, simplified and 
exported in ply format. All skeletal collections were digitized by A. Kotěrová, except for 




Age-at-death estimation was performed in the ‘forAGE’ software developed by 
Stoyanova et al. (2015, 2017). We have assumed, based on many previous publications 
(e.g. (Buk et al., 2012; Baccino et al., 2014; Márquez-Grant, 2015)), that pubic symphysis 
is suitable for estimating the age of approximately 40 years of life, after which the 
degenerative changes in its surface are too unpredictable. This is also the reason why we 
provided results for the whole sample, without age restriction, as well as for sub-sets under 
40 years and over 40 years. The accuracy of age estimates was expressed as RMSE 
(defined above), bias and inaccuracy, defined as: 
 
𝐵𝑖𝑎𝑠 =  ∑(𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑎𝑔𝑒 − 𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑔𝑒)/𝑁 
𝐼𝑛𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  ∑|𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑎𝑔𝑒 − 𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑔𝑒|/𝑁 
 
where N is the sample size. A paired t-test was used to assess the differences between the 
actual and estimated ages. More detailed description is provided in the study of Kotěrová 
et al. (2018b), attached as the Appendix A.4. 




7. RESULTS AND DISCUSSION 
7.1. Improvement in the evaluation of visually assessed data (Kotěrová et 
al., 2018a) 
Out of the tested approaches, the multi-linear regression model and collapsed 
regression model performed best; however, the errors were very similar for all models 
(results for a pooled sample – MAE between 9.7–11 years, and RMSE 12.1–14.2 years). 
The comparison of model performance is shown separately for males, females and 










  Males Females Pooled Model is 
user 







9.3 11.6 10.4 12.7 9.9 12.2 Yes 
Multi-linear regression 9.3 11.6 10.3 12.7 9.7 12.1 Yes 
Interval-based model 10.3 12.9 12.0 14.7 10.8 13.3 Yes 
K Nearest Neighbours, 
K=3 
9.9 12.6 10.9 13.6 10.1 12.8 No 
Artificial Neural Network 11.3 14.0 11.4 14.5 11.0 14.2 No 
Regression tree 10.4 12.9 11.1 14.0 10.3 12.9 Yes 
M5 tree* 9.3 11.6 10.3 12.7 9.7 12.1 Yes 
NDE** 9.8 12.8 10.9 13.9 10.4 13.3 No 
AODE** 9.8 12.7 10.6 13.6 10.2 13.2 No 
Table 8. Results of MAE and RMSE values for nine mathematical approaches; separately for males, 
females and a pooled sample. Each model was evaluated according to the ease of application for 
users. Modified (Kotěrová et al., 2018a). 
MAE - mean absolute error; RMSE - Root Mean Square Error; NDE - No Dependence 
Estimator; AODE - Averaged One-Dependence Estimator,  
* M5 tree collapsed into one leaf, thus it becomes equivalent to multi-linear regression 




Among the classification trees, the highest accuracy (72%) was reached with the 
single indicator, the pubic symphysis, in classification up to three age intervals (<30 years, 
30–40 years, and >40 years). The lowest, on the other hand, was attained with the tree 
based on both indicators, in classification up to 10-years intervals (31%). Results are 
shown in Table 9. Complete results are included in the study Kotěrová et al., 2018a, which 
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The study of Kotěrová et al. (2018a) aims to improve the accuracy of age-at-death 
estimation by applying various mathematical approaches. However, the results showed that 
no matter how sophisticated the approaches that are applied to the data may be, none of 
them led to significant improvement in age-at-death estimation from the skeleton. These 
results are in concordance with the studies of Schmitt et al., Buk et al. and Martins et al., 
who used the same or similar dataset and applied different data mining methods (Schmitt et 
al., 2002; Buk et al., 2012; Martins et al., 2012). As has been shown in our study and many 
studies before, every effort has been made for decades to minimize estimation errors, with 
an emphasis on both the anatomical structures used and the statistical treatment of the data. 
Nevertheless, the age estimation situation is still equally unsatisfactory. 
We assume that the explanations of this dismal situation regarding age estimation 
methods may be as follows: 
a) The subjective nature of age-related changes evaluation, since most of the aging 
methods are based on the visual assessment of age indicators (e.g. (Brooks and 
Suchey, 1990; Buckberry and Chamberlain, 2002; Rissech et al., 2006; Rougé-
Maillart et al., 2009)) 
Table 9. Comparison of classification tree models, which assign the examined person into 
a specific class, pooled sample, depth 4 (Kotěrová et al., 2018a). 
Tree 1 – both indicators, age interval <30, 30-60, >60 years; Tree 2 - both indicators, age interval 
<30, 30-50, >50 years; Tree 3 - both indicators, age interval 10-years intervals; Tree 4 – PUSx 
indicator, age interval <30, 30-40, >40 years; Tree 5 – SSPIx indicator, age interval <30, 30-40, 




b) The assumption that a single indicator can reflect the whole adult lifespan 
(e.g. (İşcan et al., 1984b; Calce, 2012)) 
c) The population variability in the aging process (e.g. (Schmitt, 2004; Mays, 
2014; Navega et al., 2018b)) 
d) The effect of external factors on the rate of the senescence process 
(e.g. (Campanacho et al., 2012; Merritt, 2015; Wescott and Drew, 2015)) 
e) The extreme variability and unpredictability of the aging process. 
  
We believe that the visual assessment of senescence changes remains the limiting 
factor of accuracy. The possible direction of improvement may lie in the substitution of the 
subjective visual approaches of morphological change evaluation by more objective 
mathematical surface quantification. We consider our study as a springboard for further 
research which should focus on the objectification of data acquisition.  
7.2. The influence of various scanning devices on captured surfaces and on 
age-at-death assessment (Kotěrová et al., 2019) 
A comparison of five 3D pubic symphyseal surfaces captured with the HP 3S SLS 
and the NextEngine, with reference surfaces acquired by the Redlux scanner, showed small 
deviations, particularly in areas of depressions and protrusions. The deviations are 
visualized in the form of colour-coded maps using an example of two samples in 
Figure 15, where the red scale indicates that the surface to be compared is above the 
reference surface and blue scale indicates the opposite. The differences between the 











Figure 16 shows the graphic comparison of all five compared surfaces (in blue – the 
reference surface vs HP 3D SLS; in red – reference surface vs NextEngine) in the form of 
box plots; Table 10 summarizes the descriptive statistics. It could be seen that the 
deviations from the reference surfaces are slightly higher in the case of the NextEngine. 
The interquartile range and standard deviation are both higher in all samples (except for 
one specimen).  
  
 
Figure 16. Deviation from the reference sample (Redlux scan) for the HP 3D SLS (blue) and 
NextEngine laser scanner (red). On each box, the central mark is the median, the white point is 
the mean value for normal distribution µ, the edges of the box are the 25th and 75
th
 percentiles, 
the whiskers extend to the most extreme data points not considered outliers (Kotěrová et al., 
2019). 
Figure 15. Colour-coded map 
illustrating deviations between 
the reference and the compared 
surface (left: HP 3D SLS; right 
NextEngine) shown on two 
samples. Positive scale (in red) - 
the compared surface is above the 
reference surface; Negative scale 
(in blue) - the compared surface 
is below the reference surface 




HP 3D – HP 3D Structured light scanner; NextE – NextEngine scanner 
 
The results of the age-at-death analyses based on 3D models acquired with the HP 
3D SLS and NextEngine scanners showed that, although the surfaces varied slightly, this 
did not significantly affect the age analyses performed. No significant differences were 
observed among the estimated ages (with one exception) based on the models from HP 3D 
SLS and NextEngine (Table 11).  
 
 

































 (µm) (%) 
352 
HP 3D 26 2 154 147 
+50 
NextE 26 4 204 220 
359 
HP 3D 8 -8 118 104 
+35 
NextE 7 -4 146 140 
382 
HP 3D 14 6 113 114 
+24 
NextE 13 0 138 141 
383 
HP 3D 15 5 187 122 
+51 
NextE 26 15 174 184 
390 
HP 3D 14 0 126 88 
+141 
NextE 21 2 202 212 
Table 10. Results of quantitative comparison among measured samples (n=5; HP 3D SLS vs. 
Reference sample and NextEngine vs. Reference sample). Modified (Kotěrová et al., 2019). 
1
 Thin plate spline/Bending energy, 
2
 Slice and Algee-
Hewitt score, 
3
 Ventral curvature, 
4
 combination of 
TPS/BE and  VC (multivariate model), 
5
 combination of 
SAH score and VC (multivariate model). 
p-values are shown for a two-tailed test.  
 
Table 11. Results of a paired t-test 
between the estimated ages based on 
outputs from the two low-cost scanners 
(n=29). Age estimation was made 
according to the method of Stoyanova 
et al., 2017 (Kotěrová et al., 2019). 
81 
 
The references surfaces from the Redlux were subjected to age analysis as well. 
Differences between HP 3D SLS and RedLux for the SAH model, and between 
NextEngine and Redlux in the SAH and SAH+VC models were detected. In all other cases 




With the growing interest in scanning technologies and their integration into 
common practice (e.g. estimation of biological profiles) in anthropological workplaces and 
forensic institutions, questions have arisen about the comparability of outputs from 
different devices and their impact on subsequent biological profile analyses. These 
questions first arose from Villa et al. (Villa et al., 2015b). They looked at the potential 
differences in the surface recording of the two pelvic articular surfaces (the pubic 
symphysis and the auricular area) among the three different laser scanners and their impact 
on the surface quantification approaches for age assessment proposed by Villa and 
colleagues (Villa et al., 2015a). Their results indicated a comparable overall anatomical 
shape, but the curvature values showed systematic bias among the three tested scanners, 
although the curvature values changed similarly with increasing phase or score.  
In the study of Kotěrová and co-workers, the slightly modified original inquiry of 
Villa et al. (2015a) was examined. Specifically, we were interested in the comparability of 
outputs from scanners representing various technologies (laser and structured light) and 
their influence on age estimation, as well as on sex assessment (although the latter was not 
presented in the dissertation thesis, the results are part of the publication). Given that 
research institutions around the world are equipped with different types of scanning 
devices, these results are of utmost importance and our results could have a positive impact 
on data sharing among researchers and institutions. Although the NextEngine captured less 
detail and the information loss was the largest, the differences, according to our results, 
were relatively small with expected negligible effect on further analyses. Our assumptions 
were confirmed in that it seems that the type of surface scanner and its various resolution 
capabilities do not affect the estimation of age-related changes, at least not the changes 
quantified by the method of Stoyanova and colleagues (2015, 2017). Given these results, 
the method of Stoyanova et al. can be applied to data obtained by other surface scanners. 
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However, other scanners and scanning technologies have to be considered and 
tested (Villa et al., 2015b; Kotěrová et al., 2019). Therefore, in the near future, it is 
necessary to repeat the tests and quantify the influence of various scanning devices on the 
results of age estimation and other biological profile analyses. We assume that age 
estimation based on the mathematical quantification of surface changes will be the most 
susceptible to differences in captured surface by different devices since even subtle surface 
age-related changes are assessed.  
7.3.  Reproducibility and validity of the Stoyanova et al. aging method 
(2015, 2017) in geographically different populations (Kotěrová et al., 
2018b) 
The results of the reproducibility and validity of recent computational methods will 
be presented separately, first for the pooled European samples and then for the Thai 
sample. 
In our pooled European sample, the validated method performed with unacceptably 
high values of RMSE, bias and inaccuracy (e.g. RMSE values ranged between 18.35 to 
22.25 years). In the sample over 40 years, the method performed the worst. Conversely, the 
results that were obtained in our sub-sample of under 40 years seem very promising. In this 
sample, the results of RMSE were between 5.93 and 7.48 years (apart from VC), and bias 
and inaccuracy ranged between −1.77 (TPS/BE+VC) and 5.90 years (VC), and 4.47 
(TPS/BE) and 7.07 (VC) years, respectively. In the sample up to 40 years, the differences 
between actual and estimated ages were not significant (with the exception of VC). There 
was systematic underestimation of actual age in all the age categories of our sample. 
Table 12 compares the results reported in the study of Stoyanova et al. and that of 
Kotěrová and colleagues (2018b). More detailed information is provided in the study of 











The results presented for the Thai sample were not included in the publication of 
Kotěrová et al. (2018b) and they are not yet published.  
Again, the resulting RMSE values for both the whole sample and the sample over 
40 years are shown to be unacceptably high (ranging from 15.71 to 20.09 years and 20.44 
to 26.23 years, respectively). For the sub-sample of up to 40 years, the RMSE values were 
between 6.35 and 7.99 years (except for VC). The constant underestimation of actual age is 
obvious, except for the SAH, VC and SAH+VC models in the up to 40 years sample, 
where age overestimation was observed. The differences between actual and estimated age 
were statistically insignificant only for the SAH, TPS/BE+VC and SAH+VC regressions 
models in the age category under 40 years. The results are summarized in Table 13. 
 















RMSE 22.09 16.38 
 
5.93 − 
Bias −15.54 −2.51 
 
−1.64 8.47 




RMSE 20.91 14.15 
 
7.34 − 
Bias −13.58 −1.96 
 
−0.78 5.71 




RMSE 18.35 16.55 
 
9.49 − 
Bias −8.43 −2.73 
 
5.90 5.84 




RMSE 22.25 15.07 
 
6.37 − 
Bias −15.67 −2.21 
 
− 1.77 7.76 




RMSE 21.8 13.68 
 
7.48 − 
Bias − 13.67 −1.82 
 
−0.70 5.76 
Inaccuracy 15.99 10.79 
 
6.13 8.36 
Table 12. Comparison of the values of RMSE, bias and inaccuracy (in years) in the original study 
of Stoyanova et al. (2017) and in the study of Kotěrová et al. (2018b). Results are presented for the 
whole dataset and the sample of up to 40 years (Kotěrová et al., 2018b). 
TPS/BE − thin plate spline/bending energy; SAH − Slice and Algee-Hewitt score; VC − ventral 
curvature. 
RMSE for age category 20–40 years in Stoyanova et al. (2017) was not calculated 
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Table 13. Results of RMSE, Bias, Inaccuracy and paired t test for the whole sample from the Thai 








TPS/BE All data 19.34 −13.70 14.83 <0.001 <0.001 
≤ 40 years 6.35 −3.28 5.50 0.001 0.005 
> 40 years 25.57 −22.42 22.65 <0.001 <0.001 
SAH All data 15.71 −8.26 11.40 <0.001 <0.001 
≤ 40 years 6.53 0.27 5.31 0.81 1* 
> 40 years 20.44 −15.40 16.50 <0.001 <0.001 
VC All data 18.14 −7.16 13.46 <0.001 <0.001 
≤ 40 years 9.84 5.37 7.52 <0.001 0.002 
> 40 years 22.88 −17.65 18.44 <0.001 <0.001 
TPS/BE+VC All data 20.09 −13.16 15.19 <0.001 <0.001 
≤ 40 years 7.99 −2.33 6.68 0.08 0.40* 
> 40 years 26.23 −22.22 22.32 <0.001 <0.001 
SAH+VC All data 16.82 −8.51 11.98 <0.001 <0.001 
≤ 40 years 7.44 0.61 5.82 0.63 1* 
> 40 years 21.75 −16.14 17.14 <0.001 <0.001 
p values were corrected with the Bonferroni correction. Non-significant differences between true 
and estimated ages are marked with asterisks 





Given that fact that the enhanced computational approach developed by Stoyanova 
et al. (Stoyanova et al., 2015, 2017) was proposed quite recently, there are not many 
studies that have evaluated the validity and applicability of this computational approach. 
Our team was the first to publish the validation results of this approach on a pooled sample 
of European populations. Later, another validation was performed on a European sample, 
but presented only as a poster (Johnson and Bethard, 2019). In 2019, a publication was 
published using a South African population (Joubert et al., 2019) and, finally, for the first 
time, the results on a South Asian population are presented in this thesis.    
Our results are consistent with those made by other researchers who aimed to 
validate the method in their sample; all validation studies reached very similar conclusions. 
Stoyanova and colleagues compared the accuracy (2× RMSE value) of her results 
(Stoyanova et al., 2017) to the widely used method of Suchey and Brooks (Brooks and 
Suchey, 1990) and found her age intervals generally smaller (intervals ranged from 27 to 
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32 years). Nevertheless, this is not the case for the authors testing her approach. Kotěrová 
et al. (2018b) report that the intervals ranged from 36 to 44 years for the mix of European 
samples, which is approximately comparable to the performance of the Suchey-Brooks 
method. Slightly better results were reached for the Thai population (age interval ranging 
from 30–40 years). Johnson and Bethard (2019) reached extremely broad age intervals, 
ranging from 60 to 82 years in the modern Coimbra collection. Joubert et al. (2019) did not 
provide RMSE values from which age intervals are calculated; however, they reported 
very low correlations with true age in their South African samples.  
 Such unsatisfactory results can be caused by several factors. Firstly, there are 
different aging rates of the pubic symphysis among these populations. Individuals from 
various geographical regions were exposed to different internal and external factors, which 
may affect the rate of degeneration and thus the performance of the proposed method. The 
population specificity of the aging methods was noted (e.g. (Mays, 2014; Savall et al., 
2016; Hisham et al., 2019)), although some researchers did not reach such conclusions 
(e.g. (Sakaue, 2006; Kimmerle et al., 2008)). 
 Secondly, the pubic symphysis was proved to be useful as an age indicator only up 
to approximately 40 years (Lovejoy et al., 1995; Schmitt et al., 2002; Sakaue, 2006; Buk et 
al., 2012; Gocha et al., 2015). The samples of Joubert et al. (2019) and Johnson and 
Bethard (2019), which, moreover, were very small (n=36), were predominantly represented 
by old individuals. The sample of Joubert et al. (n=184) was strongly underrepresented by 
younger individuals under 45 years (n=28) and the mean age of the European sample used 
by Johnson and Bethard was 66.8 years. This could be one of the reasons why they 
achieved such poor results. We divided our mixed European and Thai samples (Kotěrová 
et al., 2018b; Kotěrová unpublished) into the samples up to 40 years and over 40 years 
with the assumption that a sample limited to 40 years of age would be estimated more 
accurately. As these assumptions have been confirmed, the results are promising but still 
not ideal. The lowest RMSE was 5.93 years, giving an age interval of 12 years; however, 
that was only in the sample up to 40 years. Therefore, Joubert et al. (2019), as well as our 
team, advocate for the use of multi-indicator methods to encompass more variation with 
regard to their biological possibilities (Kotěrová et al., 2018b). 
 Thirdly, the input data are isolated surfaces of the pubic symphysis, thus it is 
necessary to manually isolate them, which is a possible source of errors influencing the 
analyses. However, this question was raised by Joubert et al. (2019), who stated that the 
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repeatability is very strong in comparison to traditional phase-based methods. The 
excellent reproducibility among the five observed was confirmed by the extended original 
research team (Kim et al., 2018). 
 Fourthly, it can be argued that 3D representations of skeletal samples acquired with 
various scanning devices may not be comparable (Joubert et al., 2019; Kotěrová et al., 
2019). While the NextEngine was employed in the original study (as well as in the work of 
Johnson and Bethard, 2019), the Artec Space Spider scanner was used by Joubert et al. 
(2019), and the HP 3D SLS was used by our team. This issue was addressed in our 
previous research and the results showed that various scanning technology does not affect 
age estimation. 
  Undoubtedly, approaches such as the one suggested by Stoyanova et al. have 
a great potential to deal with some problems accompanying age-at-death estimation. 
Although the performance of Stoyanova’s method is quite comparable to conventional 
methods and did not bring higher accuracy, its great potential lies in reducing subjectivity. 
The increase of accuracy is needed to make the method of Stoyanova et al. more 
acceptable for widespread use. 
The validation study has shown that the limiting age of the pubic symphysis is the 
chronological age of approximately 40 years. It is therefore not appropriate to use methods 
based on that structure alone to estimate the age-at-death of unknown skeletal remains. 
It seems that a kind of a hierarchical approach is needed in which multiple age indicators 
would be used gradually, not at the same time, as this would lead to unclear results. This 
means that after reaching the optimum age estimation with the pubic symphysis, the 
auricular surface could be used next. Once this indicator had also reached its optimum, 
senescence changes in the acetabulum could be used. As there are still some theoretical 







8. DIRECTION FOR FUTURE RESEARCH 
Further research will be directed towards the design of our own age-at-death 
estimation approach. With regards to the results of this doctoral thesis, the aim will be to 
eliminate some of the pitfalls of age estimates that are preventing more reliable and 
accurate age estimation.  
Firstly, we would like to achieve this by eliminating the subjective evaluation of 
senescence changes by its replacement with a fully quantitative approach analysing three-
dimensional surface data. The creation of an extensive digital database of 3D models of 
ossa coxa would be an essential step for further research. Secondly, the multi-population 
composition of the database is the cornerstone for the development of robust approaches 
that promise wider applicability than single-population-based methods. Thirdly, given that 
the database consists of the entire surfaces of the ossa coxae, we now have at our disposal 
all three articulation surfaces present on the os coxae (the pubic symphyseal surface, the 
auricular surface of ilium, and the surface of the acetabulum). We aim to use these joint 
surfaces to propose our own approach to assess age-at-death. However, the articulation 
surfaces will not be used to estimate age together at the same time, but rather they will be 
chronologically combined on the basis of predetermined information in which the period of 
the adult life in the articular area is the most appropriate for age estimation. 
At the time of finalizing this doctoral thesis, we have been developing our own 
approaches on the pubic symphyseal surface. They aim to extract specific signs or patterns 
that will help to distinguish between individuals over 40 years and classify individuals 
under 40 years more specifically. One of the approaches that are being tested is the 
segmentation of elevated areas with the use of the polynomial function of the 4th degree, 
which helps transform the shape of an original surface into a form that allows better 
analysis of its local irregularities. Another approach that we are currently testing is 
‘deeper’ analysis, which computes the discrete Gauss curvature in each point of the mesh 
(i.e. the surface of the symphyseal articular area). We expect that both approaches could 
capture age-related changes of the surface that cannot be captured by visual methods. At 
the very least, we assume they will objectify the capturing of surface changes.  
Once these analyses are finished and the best one is optimized, the other two 
surfaces of the os coxae will be subjected to detailed analysis as well. Based on data 
mining methods, the outputs for all three age indicators will be chronologically combined 
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and incorporated into user-friendly software that will be developed for automatic and faster 
age estimation (once 3D representation of the surface is made), without subjectivity or the 
need for special experience. 
What more could be done to more accurately estimate age? If the proposed fully 
quantitative mathematical approaches based on a chronological combination of age 
indicators (on which we are working) do not lead to an increase in the accuracy and 
reliability of the methods, then all the possibilities to achieve this will probably have been 
exhausted. It would have to be admitted that for now the aging process is simply too 




9.  CONCLUSIONS 
Three main objectives were set out in this dissertation thesis. Firstly we aimed to 
improve age-at-death estimation based on traditional visual assessment of age-related 
changes on the pubic symphysis and the auricular area with the use of various 
mathematical approaches. Nevertheless, our results suggest that a broad age-range 
reduction is not possible. We have found that even with various sophisticated mathematical 
approaches, the accuracy of methods was not increased, but remained approximately the 
same as that provided by the previous methods. We believe this problem will persist as 
long as the subjective methods based on visual assessment continue to be used to estimate 
age. The only solution is the substitution of the visual evaluation of senescence patterns 
with virtual anthropology, scanning technologies and mathematical quantification of 
surface age-related changes. 
The second objective was to assess and compare the outputs from various surface 
scanners and to find out whether the potential differences in the captured surfaces could 
have an effect on further analyses (e.g. age-at-death estimation based on quantitative 
surface analysis). According to our results, even though small differences in captured 
surfaces were detected and the NextEngine turned out to be a less precise scanner 
(capturing less detail than the HP 3D SLS scanner), it did not significantly affect age 
estimation. Researchers may use 3D data that are publicly available or provided by other 
researchers or institutions, knowing that they will not affect their further analyses even 
though they were acquired with various scanning devices (under optimal scanning 
settings). However, such validations are also needed for other scanning devices, as well as 
for other methods of biological profile estimation. 
As a necessary step toward method objectification and a prerequisite for further 
research, an extensive, multi-population identified database of 3D models of articular 
surfaces of ossa coxae was created. Without this database, the methods of age estimation 
based on the objective observation of changes on joint relief could not be tested and new 
approaches could not be proposed. The database consists of more than 1,200 scans of ossa 
coxae of identified adult males and the female skeletal remains of four European and one 
Asian osteological collections. Such a multi-population database establishes a solid basis 
for covering more variability in the aging process and for more objective data evaluation. 
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The third objective was the validation of the recent computational approach 
proposed by Stoyanova et al. (2015, 2017) which was performed using the created 
database, first on a mix of European samples and then on an Asian sample, which was 
digitized later. Earlier findings known from literature were confirmed even by quantitative 
analyses. Specifically, the pubic symphysis after 40 years of life undergoes overly variable 
degenerative changes that result in overly inaccurate estimates (RMSE = 15.7–22.35 years) 
with overly wide age ranges (2× RMSE) that then cannot be used for age estimation (VC 
values, whose performance was the worst, were omitted). On the other hand, the method of 
Stoyanova et al. performed quite well in our European and Asian samples limited to 40 
years with the lower RMSE values of 5.93 years and the highest of 7.99 years (apart from 
the VC values), which is even better than in the original study.  
The dissertation is concluded with very clear prospects for future research. The 
collected metapopulation data allow for the testing of other age indicators, such as the 







SOUHRN (CZECH SUMMARY) 
Jedním z prioritních cílů forenzních antropologů a bioarcheologů je odhad 
biologického profilu neznámých kosterních pozůstatků. Biologický profil je tvořen čtyřmi 
hlavními osteologickými ukazateli, někdy nazývanými jako „velká čtyřka“, kterými jsou 
odhad pohlaví, věku, biogeografického původu (známého také jako odhad populační 
afinity či odhad původu) a výšky postavy (Cattaneo, 2007; Ellingham and Adserias-
Garriga, 2019). Mezi těmito parametry je právě odhad věku dožití klíčovým parametrem, 
protože ve forenzní antropologii může významně zúžit okruh potenciálních 
identifikovaných jedinců. V bioarcheologii pak poskytuje cenné informace 
o demografickém profilu populací. Zároveň je ale parametrem nejproblematičtějším 
(Adams and Byrd, 2014; Algee-Hewitt, 2017; DeWitte, 2017), zatíženým nepřesnými 
a nespolehlivými odhady.  
Metody odhadu věku dožití jsou založeny na korelaci mezi biologickým 
a chronologickým (kalendářním) věkem. U nedospělých jedinců, jejichž skelet stále 
prochází dobře predikovatelnými vývojovými a růstovými změnami, je tento vztah velmi 
úzký a dovoluje přesný i spolehlivý odhad věku (Franklin, 2010). Oproti tomu, u plně 
dospělých jedinců s ukončeným růstem a vývojem, makroskopické metody odhadu věku 
tedy mohou být založeny pouze na pozorování degenerativních senescenčních procesů na 
kloubních plochách, např. stydké sponě a aurikulární oblasti pánevní kosti, kyčelní jamce 
či sternálních koncích žeber (Christensen et al., 2014b; Langley et al., 2017). Proces 
stárnutí je velmi komplexní. Degenerativní morfologické změny jsou s narůstajícím věkem 
čím dál více ovlivňovány řadou faktorů, a to mnohem více, než vývoj a růst u nedospělých 
jedinců. Vztah mezi chronologickým a biologickým věkem se tak rozvolňuje, což 
v důsledku vede k nepřesným odhadům. Proces stárnutí je variabilní jednak mezi jedinci 
stejné populace, či určité ekogeografické skupiny, ale i mezi těmito skupinami. Populační 
variabilita věkových změn je známá. Vznikající metody jsou většinou populačně specifické 
a netýkají se pouze odhadu věku. Nerespektování populační specificity metod může vést 
k velmi zkresleným výsledkům (Mays, 2014; Kotěrová et al., 2017; Navega et al., 2018b). 
Odhad věku je však limitován mnoha dalšími faktory, mezi kterými zmíníme nevhodně 
zvolené statistické metody, či mylnou představou, že jediný věkový indikátor může 
postihnout celý život dospělého jedince. Výsledkem této situace je možnost odhadovat věk 
spolehlivě a přesně současně, je-li užito tří širokých věkových intervalů (např. do 30 let, 30 
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až 60 let a nad 60 let, jak navrhují Buk a kolektiv (2012), Falys a Lewis (2011), či 
Adserias-Garriga and Wilson-Taylor (2019)). V soudně lékařské praxi nejsou tyto široké 
věkové intervaly vhodné pro zúžení okruhu potenciálních identifikovaných osob a je nutno 
jej zpřesnit. Řešení mohou přinést jednak sofistikované matematicko-statistické přístupy 
(např. Bayesovské přístupy, rozhodovací stromy, neuronové sítě), ale také metody virtuální 
antropologie, které slibují objektivizaci hodnocení senescenčních změn kloubních povrchů.  
 
Na základě současného stavu poznání o odhadu věku dožití byly v předkládané 
disertační práci vytyčeny tři hlavní cíle. Prvním z cílů byla snaha o zpřesnění klasifikace 
věku klasickými vizuálními metodami užitím různých matematických přístupů. Dalším 
cílem bylo porovnat povrchy 3D modelů kloubní plochy stydké spony zachycené různými 
povrchovými skenery a posoudit vliv případných odchylek na analýzu odhadu věku 
kvantitativní metodou a možnost sdílení referenčních dat. Posledním stěžejním cílem byla 
validace recentního kvantitativního přístupu (Stoyanova et al., 2015, 2017) odhadu věku 
podle pubické symfýzy.  
Naším prvním cílem bylo posoudit možnosti přesnějšího a spolehlivějšího odhadu 
věku dospělých jedinců vizuálně hodnocenými postupy za využití různých sofistikovaných 
matematicko-statistických metod. Naším záměrem bylo zúžit úsek dospělého života na 
více než tři široké věkové intervaly navržené Bukem a kolektivem (Buk et al., 2012). 
Využili jsme multi-populační vzorek (n=941) dvou pánevních artikulačních plošek 
(pubické symfýzy a aurikulární oblasti pánevní kosti) ohodnocených A. Schmitt (Schmitt, 
2001, 2005; Schmitt et al., 2002). Dva nezávislé týmy výzkumníků, český a portugalský, 
pak na tato data aplikovaly devět různých matematických přístupů ve snaze dosáhnout co 
nejpřesnějšího odhadu věku dožití. Testovanými přístupy a klasifikačními technikami byly: 
regresní analýza kumulující proměnné (Collapsed regression model), multi-lineární 
regrese, model založený na intervalech (Interval-based model), klasifikace podle 
nejbližších sousedů (K nearest neighbours), umělá neuronová síť (Artificial Neural 
Network), rozhodovací strom (Decision tree), metoda M5 tree, a dva probabilistické 
modely (NDE – No Dependence Estimator and AODE – Averaged One-Dependence 
Estimator). Výsledky byly vyjádřeny pomocí hodnot MAE a RMSE zvlášť pro ženy, muže 
a pro smíšený soubor. Mezi těmito přístupy se jako nejlepší ukázaly Multi-lineární regrese 
a regresní kumulativní model, ačkoli hodnoty RMSE (12,1–14,2 let) a MAE (9,7–11 let) 
byly velmi obdobné. Mezi klasifikačními stromy bylo nejvyšší přesnosti dosaženo na 
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základě jednoho indikátoru do tří věkových skupin (<30 let, 30–40 let, a >40 let). 
Ke zpřesnění klasifikace za využití různých matematických přístupů však nedošlo. Široké 
věkové intervaly jsou nutností při vizuálním hodnocení věku dožití dospělých jedinců. 
Hlavním limitujícím faktorem je proto subjektivní podstata hodnocení věkových změn 
na kloubních plochách. Cestu ke zlepšení vidíme v objektivizaci získání vstupních 
proměnných a následné hodnocení dat pomocí nástrojů virtuální antropologie. Tyto 
výsledky byly publikovány ve studii Kotěrové et al. (2018a). 
Druhým cílem této práce bylo porovnat povrchy pubické symfýzy digitalizované 
různými skenovacími zařízeními a zhodnotit vliv případných odchylek zachycených 
povrchů na následné analýzy odhadu věku. Pro tuto výzkumnou část jsme různými skenery 
naskenovali 29 pánevních kostí z české středověké populace. Digitalizace byla provedena 
jednak laserovým skenerem NextEngine, dále skenerem HP 3D SLS založeným 
na strukturovaném světle a malý vzorek (n=5) byl navíc naskenován skenerem Redlux 
Profiler s vysokým rozlišením, jehož výstupy byly považovány jako referenční. Rozdíly 
mezi porovnávanými povrchy ze skenerů NextEngine a HP 3D SLS s referenčními 
povrchy byly vyjádřeny výpočtem distribuce odchylek, dále graficky na barevných mapách 
a výsledky byly zhodnoceny pomocí deskriptivní statistiky. Odhad věku byl proveden 
kvantitativní metodou navrženou Stoyanovou a kolektivem (2015, 2017), která je založena 
na pěti regresních modelech inkorporovaných do uživatelsky jednoduchého softwaru 
„forAGE“ (Stoyanova et al., 2017). Vstupními daty jsou 3D modely izolovaných ploch 
pubické symfýzy. Dva z regresních modelů hodnotí „plochost“ těchto povrchů (TPS/BE 
a SAH skóre) a další model charakterizuje zakřivení ventrálního okraje plošky (VC). 
Zbývající dva modely jsou kombinací modelů předešlých (TPS/BE + VC a SAH + VC). 
Výsledky srovnání digitalizovaných povrchů odhalují malé odchylky od referenčních 
povrchů, které jsou patrné především v oblastech depresí a protruzí. Tyto rozdíly byly 
výraznější mezi referencí a výstupy ze skeneru NextEngine. Analýza odhadu věku dožití 
na základě kloubních ploch pubické symfýzy získaných ze skenerů NextEngine a HP 3D 
SLS neodhalila žádné významné rozdíly mezi získanými odhady věku. Jedinou výjimkou 
byl odhad věku na základě modelu TPS/BE. Naše výsledky ukazují, že odlišné typy 
povrchových skenerů a jejich rozdílné rozlišovací schopnosti neovlivňují analýzu odhadu 
věku, i když se získané povrchy od sebe lehce liší. Nicméně podobné analýzy a testy je 
nutné provést i pro další skenovací zařízení, stejně tak, jako pro ostatní analýzy 
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biologického profilu. Kompletní výsledky jsou uvedeny v publikaci Kotěrové a kolektivu 
(2019). 
Posledním úkolem, který jsme si vytyčili, bylo validovat kvantitativní metodu 
Stoyanové a kolektivu (2015, 2017) v geograficky odlišných populacích. K tomuto účelu 
bylo z rozsáhlé multi-populační identifikované databáze 3D modelů artikulačních povrchů 
pánevní kosti, kterou jsme vytvořili, vybráno 96 povrchových modelů mužských 
pánevních kostí ze smíšeného evropského souboru a 79 modelů z thajského souboru tak, 
aby distribuce věku byla rovnoměrná. Digitalizovány byly povrchovým skenerem HP 3D 
SLS. Před vlastní validací metody v softwaru „forAGE“ byly všechny artikulační plošky 
pubické symfýzy izolovány v programu MeshLab. Výsledky byly vyjádřeny pomocí 
hodnot vyjadřujících průměrné nadhodnocení a podhodnocení skutečného věku jedince 
(bias), dále pomocí hodnot vyjadřujících průměrnou absolutní chybu odhadu (inaccuracy) 
a hodnotami RMSE. Na základě mnoha předchozích publikací jsme předpokládali, že 
věkově vázané změny na pubické symfýze jsou pro odhad věku vhodné pouze přibližně 
d  40 let (např. (Baccino et al., 2014; Márquez-Grant, 2015)). Proto jsme všechny výsledky 
uváděli nejen pro celý soubor, ale také pro omezený soubor do 40 let a nad 40 let. Naše 
výsledky jasně ukázaly, jak pro smíšený evropský soubor, tak pro thajský soubor, 
že metoda Stoyanové a kolektivu (Stayanova et al., 2015, 2017) je zatížena nepřijatelně 
vysokou chybou odhadu, pokud je aplikována na celý, věkově neomezený, soubor. Chyba 
se ve smíšeném evropském souboru pohybovala v hodnotách RMSE v rozmezí od 18,35 
do 22,25 let, v thajském souboru o něco níže, v rozmezí od 15,71 do 20,09 let. Chyba 
odhadu v souboru omezeném nad 40 let byla ještě vyšší. Nicméně mnohem nižních chyb 
bylo dosaženo v souborech do 40 let. V evropském souboru byla nejnižší chyba 5,93 let 
dosažena modelem TPS/BE, rovněž tak v thajském souboru, kde byla nepatrně vyšší (6,35 
let). V této výzkumné části se nám podařilo potvrdit, že pubická symfýza není vhodná pro 
odhad věku u jedinců starších 40 let, chyba odhadu je pak nepřijatelně velká. Výsledky 
ve věkově omezeném souboru do 40 let jsou sice slibné, nicméně chyba odhadu 5,93 let 
představuje věkový interval 12 let, což stále ještě není uspokojivý výsledek. Kompletní 
výsledky validace v evropském souboru jsou publikovány ve studii Kotěrová a kolektivu 
(2018b), výsledky validace v thajském souboru jsou dosud nepublikované a prvně uvedené 
v této disertační práci. 
Některé výzkumné části této práce byly podmíněny vytvořením multi-populační 
identifikované databáze 3D modelů artikulačních povrchů pánevní kosti. Bez této databáze 
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by nemohly být metody odhadu věku založené na kvantitativních analýzách validovány, 
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